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Abstract 
    Based on the formation of the ternary host-guest inclusion complex between 
veratryl alcohol, o-iodoxybenzoic acid (IBX) and cucurbit[8]uril (Q[8]), the effect of 
substrate substituent on the IBX oxidation of aryl alcohols to the corresponding 
aldehyde with supramolecular catalysis by cucurbit[8]uril (Q[8]) in aqueous solvent 
was investigated. Aromatic alcohols with different substituent effect on electron, 
2,3,4-methoxybenzyl alcohols and 2,3,4-pyridinemethanol hydrochlorides, were 
subjected to the procedure for IBX oxidizing in the absence or presence of Q[8] at 
room temperature. The catalytic ability of Q[8] revealed that the electronic effect of 
the substituent on the a-carbon of the aryl alcohol was crucial factor to the 
Q[8]-catalytic activity, and the supramolecular catalysis of Q[8] was mechanistically 
suggested to contribute to the alcohols with mainly negative inductive effect of 
substituent. 
    The chemo-selective oxidation of bifunctional substrates via a supramolecular 
strategy was achieved. IBX (o-iodoxybenzoic acid) oxidation of hydroxybenzyl 
alcohols produced the corresponding aldehyde and quinones, while the presence of 
HemiQ[6] was able to restrain the IBX oxidation of phenolic hydroxyl groups to 
afford the aldehyde as the only product. The conversion and reaction rates were 
greatly affected by the structures of substrates, and the stereo effect and electronic 
effect played very important role in this selective oxidation system. Various 
spectroscopies, including 1H NMR, IR, and UV-vis were employed to confirm the 
host–guest interactions of HemiQ[6] with hydroxybenzyl alcohols. The 
energy-minimized optimization suggested the host–guest interactions were stabilized 
by the formation of hydrogen bonding between the carbonyl groups on the 
macrocycle and the phenolic hydroxyl groups on subtstrates. 
    Hemicucurbit[6]uril (HemiQ[6])-induced esterification of acids with CH3OH 
was investigated. Esterification of the model substrate MA 
(4-methoxy-4-oxobut-2-enoic acid) in the presence of different amounts of HemiQ[6] 
II 
 
had reaction rate constants of k0.5 = 0.18 h–1, k1.0 = 0.36 h–1 and k2.0 = 0.52 h–1. These 
results confirmed that the reaction rate increased with the ratio of catalyst to substrate. 
Ineffective catalysis of MA esterification with a stoichiometric amount of CH3OH 
suggested that the essence for the HemiQ[6]-catalyzed reaction was solvolysis. 
Compare the kinetics of substrate MA with AA (acrylic acid) and BA (benzoic acid) 
shown that the catalytic activities should bear relation to the dimension of substrates. 
The different conversion of sorts of substrates in the presence of HemiQ[6] revealed 
that the supramolecular catalysis was favor in the conjugated structures. The 
inefficacy of HemiQ[12] demonstrated that the catalytic capability depended on the 
structure of the macrocyclic compound used. 
The aerobic oxidation of furan in aqueous solution in the presence of HemiQ[6] 
was investigated, and the product furan-2,5-diol was stabilized by encapsulation of 
HemiQ[6], which could be transformed to the dione confirmation in acidic solution 
and escaped from the macrocyclic compound. The 1H NMR titration experiments of 
the host-guest interaction at different pH values suggested protonation should improve 
the encapsulation, and therefore an unique property that HemiQ[6] can be protonated 
was revealed. The oxidizing kinetics suggested that the procedure was a consecutive 
reaction with a serials of constants k1 = 2.9 ´ 10-2 min-1, k2 = 2.7 ´ 10-2 min-1, and k3 = 
5.7 ´ 10-3 min-1, respectively. The kinetic investigation at pD = 2.0 indicated the 
HemiQ[6]-catalytic oxidation of furan could be accelerated by acidification of 
sulution. As a consequence, a plausible mechanism was established on the above 
evidences, which was supported by the calculation results of quantum chemistry. 
2-Methylfuran was employed to give the product 2-methylfuran-5-ol exhibiting a 
satisfied activity in this aerobic oxidation with the supramolecular catalysis of 
HemiQ[6], but the oxidation of thiophene was very slow in either neutral or acidic 
condition. 
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1. Structures and Host-guest Properties of Cucurbiturils 
1.1 Structures and host-guest principles of Cucurbiturils 
 
Figure 1-1 Structures of a) cucurbit[5]uril, b) cucurbit[6]uril, c) cucurbit[7]uril, d) 
cucurbit[8]uril, e) cucurbit[10]uril, and f) coordination compound of cucurbit[14]uril 
with Eu3+. Color codes: carbon, gray; nitrogen, blue; oxygen, red; Eu3+, light blue. 
 
    In 1905, Behrend and co-works reported a white solid product from acidic 
condensation of formaldehyde, urea and glyoxal with very poor solubility, so the 
structure could not be able to be determined correctly due to that few analytic 
methods and technologies were available in the Early 20th Century, and they 
proposed it was a cross-linked, aminal-type polymer [1]. This reaction did not attract 
any attention in the next decades until 1980’s, when Mock and co-works 
reinvestigated it and prepared the single crystals of a coordination compound 
including Ca2SO4 and this condensation product. Consequently, an X-ray 
crystallographic analysis shown this product has a pumpkin shape with six glycoluril 
units bridged by six methene groups (Figure 1-1b), which was named ‘cucurbituril’ 
accordingly [2], and designated ‘cucurbit[6]uril’ now. The work by Kim’s and Day’s 
groups on the synthesis and separation of cucurbituril homologues (cucurbit[n, n = 5, 
7, 8, 10]uril, Q[n], Figure 1-1a, 1-1c-e) in the Early 2000s have enriched this family 
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[3-5], and the member with the most size cavity, (cucurbit[14]uril, Q[14], Figure 1-1f), 
was reported by Tao’s group very recently, which shown a very interesting twist and 
chiral structure in the coordination compound with Eu3+ [6]. 
 
Table 1-1 Association constants (Ka) for interactions of alkylamino with Q[6]a 
Guests Ka (L × mol -1 ) Guests Ka (L × mol -1 ) 
 1.2 ´ 10
4 
 
2.7 ´ 102 
 1.0 ´ 10
5 
 
3.2 ´ 102 
 2.4´ 10
4 
 
unbound 
 
3.6 ´ 104 
 
unbound 
 
1.8 ´ 101 
 
n = 2 1.5 ´ 105 
 
1.5 ´ 104 n = 3 2.4 ´ 106 
 
3.7 ´ 105 n = 4 2.8 ´ 106 
 
3.3 ´ 105 n = 5 4.3 ´ 104 
 
unbound n = 6 9.1 ´ 102 
a From ref. [11] 
 
    It is now well known that cucurbituril’s cavity surrounding with glycoluril units 
is hydrophobic, which intends to encapsulate small organic molecules depending on 
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the relative size of guest, and the two portals lined with carbonyl groups are 
hydrophilic, which bind guest with hydrogen bonding, ion-dipole interaction and so 
on [7-10]. The first case of investigation on host-guest interactions has been carried 
out in the beginning of 1980s, and cucurbit[6]uril (Q[6]) has been employed as a host 
to shown very high selectivity to encapsulate aliphatic ammonium ions (Table 1-1) 
[11]. The hydrophobic moiety of the guest can readily enter into the hollow core of 
Q[6], that is, hydrophobic effect of cavity of Q[6] played an important role in these 
encapsulations; On the other hand, the selectivity obviously depending on dimensions 
of the aliphatic substituent shown geometric match of substituent group for the cavity 
of host, namely, it is called as ‘size effect’. The hydrogen bonding and ion-dipole 
interaction between ammonium cation of guest and carbonyl groups on Q[6] made the 
host-guest system more stable, and these kinds of weak interactions on the portals of 
cucurbiturils were defined as ‘portal effect’ in cucurbituril chemistry. The 
hydrophobic effect in the cavity could be detected easily by 1H NMR, which usually 
causes an upshift of resonance signals of guest due to the shield effect, while the 
resonance signals of guest performs a downshift when guest stays at Q[n]’s portal for 
there is deshield effect by carbonyl groups of the macrocyclic compound. All of 
above mentioned principles are the academic fundamentals of host–guest chemistry 
and supramolecular functionalization of the cucurbit[n]urils. 
1.2 Host-guest interactions of cucurbit[5]uril 
Cucurbit[5]uril (Q[5]) has the smallest cavity in cucurbituril family, so the 
host-guest interactions of Q[5] has mostly been limited to stay at the portal as 
exclusion complexes including metal and ammonium cations guests. K+, Ba2+, Ca2+, 
and La3+ bound to carbonyl groups at the portals of Q[5], interestingly, chlorine, as the 
counter anions, has been included in the cavity to form the molecular capsules with 
barrel-shape structure [12]. And this experimental evidence suggested the electrostatic 
potential on inner surface of Q[5] could be positive and intend to interact with the 
electron-rich groups or ions. The further studies shown the selectivity of Q[5] 
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encapsulating NO3- and Cl- depending on coordination of the host to La3+. In the 
absence of lanthanide cation, Q[5] exhibited preference to containing nitrate anion, 
while in the presence of the metal cation, the host has been demonstrate to 
accommodate chlorine anion (Figure 1-2) [13].  
 
 
Figure 1-2 Crystallographic structure of molecular capsules of (La3+)2Q[5] with a) 
chloridion, and b) nitrate anion inside the cavity of Q[5]. Color codes: carbon, gray; 
nitrogen, blue; oxygen, red; La3+, light blue; chloridine, green. 
 
 
 
Figure 1-3 Crystallographic structure of coordination compound of UO2 to Q[5] in a 
ratio of 2 : 1. a) side-view; b) top-view. Color codes: carbon, gray; nitrogen, blue; 
oxygen, red; uranium, light blue. 
 
    Uranyl ion (UO22+) coordinated to five carbonyl groups at one portal of Q[5], 
and in the presence of alkali metal salts, K+ or Cs+ occupied another portal to form 
mixed capsules as discrete dicationic species [14]. Recently, the coordination of 
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uranyl ion to Q[5] has been applied for analytic purpose. The complex of uranyl ion 
and Q[5] oligomer has been sustained on the surface of palm shell powder to realize a 
selective extraction for uranium, and the key point of selectivity could be the high 
capability of the carbonyl groups on the portals of cucurbit[5]uril to bind uranyl 
cation [15]. The fluorescence of urany cation has been improved by the formation of 
exclusion complex between Q[5] and the metal ion in a ratio of 1 : 2, which formed a 
molecular capsule (Figure 1-3) [16]. 
 
 
Figure 1-4 Crystallographic structure of 1D supramolecular chains making of the 
molecular capsules of (K+)2Q[5] and a-naphthol. Color codes: carbon, gray; nitrogen, 
blue; oxygen, red; potassium, purple. 
 
    The coordination compounds of Q[5] with mono-cationic species, K+ and Tl+, 
has the ability to induce room-temperature phosphorescence (RTP) of a-naphthol and 
b-naphthol (luminophores). The X-ray crystallographic structures revealed that metal 
cation (K+ or Tl+) and the macrocyclic compound formed the 1 dimension infinite 
supramolecular chains in a cross-linking model of (…Q[5] …M+…Q[5] …M+…), 
which surrounded the luminophores to provide a microenvironment that enclosed the 
luminophore and the heavy atom together (Figure 1-4) [17]. The organic molecule 
induced supramolecular self-assemblies of Q[5] to alkali and alkaline earth metal ions 
play more and more important role in the Molecular and Crystal Engineering of 
cucurbiturils [18-20], to design and prepare novel crystal materials. The 
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self-assembly of Q[5] to K+ in the presence of p-hydroxybenzoic acid formed 6-
membered ring structures in crystal state, and this material is able to absorb some 
organic gas with selectivity depending on the size of substrate molecule [21]. 
1H NMR suggested cucurbit[5]uril exhibited the capability to include organic 
ammonium ions, pentan-1-aminium and 6-aminohexan-1-aminium, inside the 
hydrophobic cavity, while in the case that a modified cucurbit[5]uril, 
Decamethylcucurbit[5]uril (DMQ[5], Scheme 1-1), served as the host, both above 
guests just stayed at the portal of DMQ[5] as a lid [22]. In further investigations, the 
exclusion complex of ammonium lidded DMQ[5] has been designed as the material to 
act as an absorber to gas guest, such as NO2, O2, methanol and acetonitril [23]. 
 
 
Scheme 1-1 Structure of Decamethylcucurbit[5]uril (DMQ[5]) 
 
1.3 Host-guest interactions of cucurbit[6]uril 
    Cucurbit[6]uril (Q[6]) was the first discovered member of cucurbituril family as 
an organic ligand to Ca2+ in acidic condition as mentioned above [2]. The solubility of 
this macrocyclic compound is very poor in aqueous solution, interestingly, the 
presence of alkaline or alkaline earth metal cations could improve its solubility greatly, 
which dropped a hint of coordination of metals to Q[6] [24-27]. The evidences of 
X-ray crystallographic analysis supported the formation of coordination compounds. 
Despite of above mentioned case that two molecules Ca2+ lidded two portals of Q[6] 
to produce a molecular capsule, Cs+ bound one portal of Q[6] to form a molecular 
bowl (Figure 1-5) [28]. The interesting property could provide an opportunity to 
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develop the novel Metal-Organic-Frameworks (MOFs) materials involving 
cucurbit[6]uril as building block. For the different diameter from Q[5], Q[6] 
coordinated to Cd2+ in a ratio of 1 : 2, and the single crystal structure shown the two 
Cd2+ cations occupied two portals of Q[6] separately through ion-dipole interactions, 
in which a two-dimensional network was observed, and the association constant of Ka 
≈ 1010 L × mol-1 suggested there was very strong binding affinity [29]. Rubidium 
cation and Q[6] formed a one-dimensional coordination polymer in the solid state in 
which cucurbituril molecules bound Rb+ through coordination of their carbonyl 
groups to the metals in a cross-linking fashion, and the supramolecular chains were 
organized to form a honeycomb structure with linear, hexagonal cells filling with 
water molecules [30]. Another alkali metal, K+, can also coordinate to Q[6] to 
produce the honeycomb structure with hexagonal cells in crystal state like that in the 
case of coordination of Rb+ and cucurbit[6]uril [31]. The coordination of Q[6] to 
lanthanide(III) species shown different models depending on the conditions of 
crystallization, and the coordination ratios of 1 : 1, 1 : 2, and 2 : 3 could be found in 
the complexes of cucurbituril and metal ions [32]. 
 
 
Figure 1-5 X-ray crystal structure of a molecular bowl from complex of Q[6] and Cs+. 
Color codes: carbon, gray; nitrogen, blue; oxygen, red; cesium, purple. 
 
    In the host-guest interactions of Q[6] with alkylamino, the host shown very high 
selectivity depending on the structures of guest (Table 1) [11]. Based on the 
pioneering work of Mock’s group, a great development of the host-guest chemistry 
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has been achieved in last three decades. The hydrophobic cavity has ability to contain 
neutral guest such as Xe, THF, and CF3CO2H [33,34], and encapsulation of halogen, 
molecular dibromine and diiodine, within the cavity of Q[6] have been described by 
x-ray single crystal structures (Figure 1-6) [35].  
 
 
Figure 1-6 X-ray crystal structures of a) dibromine and b) diiodine within the cavity 
of Q[6]. Color codes: carbon, gray; nitrogen, blue; oxygen, red; bromine, brown; 
iodine, purple. 
 
    Cucurbituril exhibits extra high affinity to positively charged guests binding 
carbonyl groups on the portals though ion-dipole interactions, especially, protonated 
amines. This could also be the reason for the enhanced solubility of Q[6] in salt 
solutions. The most stable interaction has been found in the case of encapsulation of 
protonated spermine (Scheme 1-2, 1) by Q[6] to form a pseudorotaxane with the 
association constant Ka = 3.3 ´ 109 L × mol-1 . With decrease of number of protonated 
amino groups and the chain length, the stabilities are decreasing gradually. The 
association constants of interactions of 1,6-hexane-diammonium (Scheme 1-2, 2), 
1,5-pentanediammonium (Scheme 1-2, 3) and 1,4-butanediammonium (Scheme 1-2, 4) 
with Q[6] are 2.9 ´ 108, 1.5 ´ 108, and 2.0 ´ 107 L × mol-1, respectively, while 
1,3-propane-diammonium (Scheme 1-2, 5) cannot enter into the cavity of Q[6] and 
just stays at the portal as an exclusion complex with a very low constant of 3.3 ´ 102 
L × mol-1 for the small dimension [36]. The very strong binding of spermine with Q[6] 
allow the macrocyclic compound to be delivered to DNA. The acridine modified 
spermine has been designed to be included in the cavity of Q[6] to produce a 
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pserdorotaxane, with acridine group inserted into DNA, a ternary supramolecular 
system of Q[6]-guest-DNA was formed, which restrained supercoiled DNA from 
cleavage by the restriction enzyme BanII. [37,38]. N-alkyl- and 
N,N’-dialkylpiperazine dications induced the oligomeric supramolecular complex 
formation involving cucurbit[6]uril as the monomers by host-guest interactions. The 
stabilities of the interactions were dependence on the structures of substrates. The 
association constant of interaction between protonated N-ethylpiperazine (Scheme 2, 
6) and Q[6] was only 2.3 ´ 102 L × mol-1, and when one more ethyl group was induced 
on the piperazine body (N,N’-diethylpiperazin) (Scheme 1-2, 7), stability of the 
interaction was improved by almost 4.5 times with the constant of 1.2 ´ 103 L × mol-1. 
In the case of host-guest interaction between protonated N-propylpiperazine (Scheme 
1-2, 8) with Q[6], the constant was increased to 1.6 ´ 104 L × mol-1 [39]. 
 
H3N NH2
H2
N NH3
HN NH2
H2N
NH2
H2N NH2
N
H2
N
H2
H2
N NH3
5
1 2
3 4
NH2
H
N
N
H
H
N
NH2
H
N
6 7 8  
Scheme 2 Protonated amines serving as the guests of cucurbit[6]. 
 
    The chiral recognition property has been realized by the formation of achiral host, 
cucurbit[6]uril, and chiral guest, protonated 2-methylpiperazine (Scheme 1-3). (R)- or 
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(S)-2-methylpiperazine (Scheme 1-3, 9 or 10, respectively) interacted with Q[6] to 
produce exclusions in a ratio of 1 : 2 (host : guest). Both the interaction complexes 
were able to accommodate a chiral guest, (S)-2-methylbutylamine (Scheme 1-3, 11) 
with different capabilities, and the one of guests binding in the first step have been 
released synchronously. When the portals was lidded by (R)-2-methylpiperazine, the 
inclusion complex of (S)-2-methylbutylamine in Q[6] was very stale, and the 
association constant is 1.5 ´ 104 L × mol-1, which was almost twenty times of that 
induced by (S)-2-methylpiperazine, in which the constant was found as 8.0 ´ 102 L × 
mol-1 [40]. 
 
 
Scheme 3 Guest-induced chiral recognition of achiral host, cucurbit[6]uril. 
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1.4 Host-guest interactions of cucurbit[7]uril 
    Cucurbit[7]uril (Q[7]), which has the best solubility in aqueous solution in 
cucurbituril family, was able to encapsulate tightly guest molecules too large to enter 
into the cavity of Q[6]. The monocationic ferrocenium (Scheme 1-4, 12) could reside 
in the cavity of Q[7] with a association constant of Ka > 106 L × mol-1, and its reduced 
species was also able to be encapsulated within the cavity [41]. Surprisingly, when 
hroxymethylferrocene (Scheme 1-4, 13) was employed as the substrate, the neutral 
guest could form an inclusion complex with Q[7], and the association constant of 3.0 
´ 109 L × mol-1 suggested the stability has been improved possibly due to inducing 
hroxymethyl group; The further enhanced stability has been achieved (Ka reached 3.0 
´ 1012 L × mol-1) by modification of trimethylammoniomethyl group on ferrocene core 
(Scheme 1-4, 14) to produce a positive charge; the anionic species, 
ferrocenecarboxylate  (Scheme 1-4, 15), could not be interact with Q[7] [42-43]. 
 
 
Scheme 1-4 Interaction of ferrocene substrates with Q[7] 
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Scheme 1-5 Electrochemical forced molecular shuttles based on the interactions of 
Q[7] with ferrocene derivates. 
 
 
 
Scheme 1-6 substituted adamantanes and bicyclo[2.2.2]octanes severed as Q[7]’s 
bicyclo[2.2.2]octanes 
 
    The response of Q[7] to positively charged ferrocene impelled the molecular 
shuttles drove by electrochemical redox have been designed and synthesized based on 
simple pseudorotaxane structures, in which the substrates included ferrocene 
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terminals linked by a spacer bar with positively charged quaternary ammoniums 
(Scheme 1-5, 16-19). Q[7] encapsulated one of ferrocene group of guest, and then the 
host slid to the chain spacer forced by electrochemical oxidation (Scheme 1-5) [44,45]. 
A very genius design to prepare a kind of Supramolecular Velcro has been realized 
based on the stable host-guest interaction of Q[7] and ferreocene substrate [46]. 
    Recently, new guests, substituted adamantanes (Scheme 1-6, 20-24) and 
bicyclo[2.2.2]octanes (Scheme 1-6, 25-27) binding Q[7] very tightly were discovered. 
The most stable host-guest interactions were found in the cases of compounds 23 and 
27 with association constants > 1015 L × mol-1. In the other cases, the constants also 
reached 109 - 1014 L × mol-1. The investigation of thermodynamic data indicated 
entropy changes contributed to the molecular recognition more than did enthalpy 
changes [47,48]. 
 
 
Scheme 1-7 Platinum complex drugs encapsulated by Q[7] 
 
    The acceptable solubility of Q[7] in aqueous solution endow this host with the 
potential application for drug delivery [49-52]. The vitro studies indicated that Q[7] 
could be served as a stabilizing, and delivering agent for drugs with low toxicity, and 
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the results of investigation on cell cultures revealed an IC50 value of 0.53 ± 0.02 mM 
for CB[7], corresponding to around 620 mg of CB[7] per kg of cell material [53]. The 
pioneering investigation on Q[7]-encapsulated complexes with dinuclear platinum and 
multinuclear platinum (Scheme 1-7, 28-34), which are anti-cancer drugs commonly in 
clinical application, revealed that the participancy of cucurbit[7]uril were inefficient 
to improve the activity of this drug, but decreased the cytotoxicity greatly [55-58]. 
Further investigations of the screening of Q[n]-bound platinum complexes suggested 
that the cytotoxicity of macrocyclic compounds depends strongly on the cavity size, 
that is, Q[8] had the same effect as Q[7], but Q[6] increased the cytotoxicity [58]. 
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Scheme 1-8 Organic drugs encapsulated by Q[7] 
 
    Ranitidine (Scheme 1-8, 35), Lansoprazole (Scheme 1-8, 36), and Omeprazole 
(Scheme 1-8, 37) are used for treatment towards gastric disease. The encapsulation of 
Ranitidine with in Q[7] protected this drug from thermal degradation in 2 weeks 
rather than a half-life of 4 days for free drugs at 50 °C and pH 1.5 [59]. The formation 
of host-guest interaction complexes between Q[7] and drugs, Lansoprazole or 
Omeprazole, improved the solubility of guest in aqueous solution and acidic solution 
by host-induced pKa shift by even 4 pH units [60]. Isoniazid (Scheme 1-8, 38) is a 
powerful bactericidal agent to treat tuberculosis, and its encapsulation by Q[7] 
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resisted the acylation of this drug, which is believed to be responsible for the 
hepatotoxicity in treatment [61]. Further more potential applications of Q[7] for drug 
deliveries have been reported in last several years [62-65]. 
 
 
Scheme 1-9 Substrate dyes encapsulated by Q[7] 
 
    The host-guest interactions of Q[7] with luminescent molecules usually bring out 
the variety of photochemical and photophysical character of substrates [66-70]. The 
formation of interaction complex of Rhodamine B dye (Scheme 1-9, 39) with Q[7] 
shown a narrow-band high-efficiency dye laser [71], and the presence of Q[7] host 
also disrupted the aggregation of Rhodamine B dye in solid state to improve the 
photophysical property of dye-doped photonic materials [72]. The binding of Acridine 
Yellow (Scheme 1-9, 40) to Q[7] in a ratio of 1 : 2 improved fluorescence intensity by 
almost 10 times with longer life-time [73], and its homologue, Acridine Orange  
(Scheme 1-9, 41), was also able to be encapsulated within the cavity of Q[7] with 
enhanced fluorescence [74]. The competition of amino acids and oligopeptides to 
Acridine Orange in the interaction with Q[7] could impel a sensitive determining in 
biologic analysis [75]. The fluorescence of other dyes involving palmatine, 
dehydrocorydaline, carbendazim, and berberine (Scheme 1-9, 42-45) could be 
improved by formation of host-guest complexes [76-79]. The green emission of 
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substrates shifting to blue with addition of Q[7] host has been designed as 
supramolecular switches [80,81], and more molecular devices based on Q[7]-induced 
changes of molecular luminescence have been reported recently [82-84]. 
 
1.5 Host-guest interactions of cucurbit[8]uril 
    The larger cavity of cucurbit[8]uril (Q[8]) than those of above mentioned 
members in cucurbituril family has the capability to accommodate two guests. The 
electrochemical investigation shown that cation radical of methylviologen could be 
encapsulated within the cavity of Q[8] to form a 1 : 2 inclusion complex [85]. The 
seminal work on Q[8] with the mixed guests dihydroxynaphthalene and 
methylviologen (or its N-alkyl substitutions) in aqueous solution showed that the 1 : 
1 : 1 ternary inclusion complexes of viologens, naphthalene diol and Q[8] were 
formed with charge-transfer interactions, in which naphthalene diol severed as an 
electron-rich substrate to interact with electron-poor viologen [86]. The Q[8]-induced 
assembly of electron donors and acceptors should result from the matched electronic 
construction according to classic Fischer lock-and-key theory in the hydrophobic 
cavity. The unique properties of Q[8]-controlled stoichiometry and charge-transfer in 
host–guest interactions have been used extensively to design, construct and 
functionalize novel supramolecular building blocks, and to drive supramolecular 
machines and command devices confined within the Q[8] cavity. 
    Structural and functional supramolecular architectures and machines have been 
constructed inside the cavity of Q[8], according to the principles of stabilized 
assembly and enhanced charge-transfer of electron donors and acceptors by coupled 
encapsulation. The guest 46 (Scheme 1-10) including the electron donor and acceptor 
units bridged be a methylene vertex with an approximate angle of the equivalent 
pentagon, was self-assembled by encapsulation within the cavity of Q[8] to provide a 
cyclic pentameric supramolecular necklace [87]. On the same principle, a few 
redox-driven supramolecular devices and machines have been designed and 
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synthesized [88-91]. 
 
 
Scheme 1-10 Cucurbit[8]uril-induced supramolecular necklace. 
 
     
Scheme 1-11 Formation of a heterowheel[3]pseudorotaxane including b-cyclodextrin  
and cucurbit[8]uril hosts. 
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    A delivery of dihydroxynaphthalene (Scheme 1-11, 47) guest between the 
cavities of different macrocyclic compounds, b-cyclodextrin (b-CD) and 
cucurbit[8]uril to form a heterowheel[3]pseudorotaxane. The guest 
dihydroxynaphthalene could enter into the cavity of b-CD, and a viologen derivative 
(Scheme 1-11, 48) could be potential included by encapsulated adamantine moiety 
with Q[8]. The mixture of above two kinds of inclusion complexes brought on an 
interesting result that adamantine moiety on guest 48 has been included by b-CD, 
while dihydroxynaphthalene was transported into the cavity of Q[8] by the formation 
of ternary complex of the two guest with cucurbit[8]uril, that is, Q[8]-induced 
charge-transfer trigged the exchange of guests between different hosts [92]. With the 
charge-transfer effect, guests formed different inclusion complexes with Q[8] 
depending on acidity, amount of host, and structures of substrates [93-96]. Moreover, 
the Q[8]-induced charge transfer provide potential application for chemical and 
biologic analysis [97-100]. 
    The Q[8]-induced assembly of polymers with viologen and naphthol terminal 
groups produced a supramolecular polymerization responding to electrochemical or 
optic signals [101, 102]. More supramolecular polymers have been synthesized with 
the formation of Charge-Transfer interaction between electron-donor and acceptor 
moieties in the cavity of Q[8] [103-106], recently, and the approach also has been 
applied for preparation and modification for nano- materials [107-110].  
 
1.6 Host-guest interactions of cucurbit[10 and 14]urils 
    Cucurbit[10]uril (Q[10]) was obtained as a host of an inclusion complex in a 
macrocycle-in-macrocycle fashion, in which Q[5] was encapsulated in the cavity to be 
the largest guest of cucurbituril family so far (Figure 1-7). In the synthesis process, 
no Q[5]-free Q[10] has been isolated or detected, consequently, that Q[5] severed as a 
template has been speculated, however, the experimental evidence that the synthetic 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
20 
 
yield of Q[10] could not be improved with addition of Q[5] disagreed this viewpoint . 
Both 1H and 13C NMR investigations revealed Q[5] was fast rotating in the cavity of 
Q[10] to produce a molecular gyroscope [111]. 
 
 
Figure 1-7 X-ray crystal structures of Q[10]-encapsulated Q[5]. Color codes: carbon, 
gray; nitrogen, blue; oxygen, red. 
 
    The formation of inclusion complexes of Q[10] host could be achieved by 
competition of Q[5] guest with other guests [112]. The cavity of cucurbit[10]uril was 
large enough for containing porphyrin and another guest to form ternary 
supramolecular assemblies [113], and the encapsulation of a Ir(III) polypyridyl 
complex within Q[10] enhanced the luminescence of guest [114]. The competition 
between guests has been developed as a effect method to isolated free Q[10] [115]. 
A homologue of Q[10], named nor-seco-cucurbit[10]uril (ns-Q[10]), has also been 
isolated, which was considered as the product of reorganization from Q[10] under 
heating condition, however, unlike Q[10], ns-Q[10] was obtained as a free host from 
isolation directly. The crystallographic structure revealed that ns-Q[10] included 
p-phenylenediamine in a ratio of 1 : 2, and two guests insert into the cavity of host 
simultaneously, to induce the macrocyclic compound to a bow tie shape (Figure 1-8). 
[116]. In the aspect of recognition of ns-Q[10] towards small organic molecules, 
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ns-Q[10] trended to encapsulate two similar guests which could be contained by Q[6] 
or Q[7] due to the comparable size of cavities, furthermore, the structure of ns-Q[10] 
is more flexible than that of other members of cucurbituril family; the investigations 
of a few host-guest interactions indicated the cavity could orientate unsymmetrical 
guests to different arrangement on dependence of structures of guests [116-118]. 
 
 
Figure 1-8 X-ray crystal structures of inclusion complex of p-phenylenediamine with 
nor-seco-cucurbit[10]uril. a) side view; b) cross-side view. Color codes: carbon, gray; 
nitrogen, blue; oxygen, red. 
 
Cucurbit[14]uril (Q[14]) was reported very recently, which could be induced by 
coordination to Eu3+ to be a twist and chiral complex in crystallographic structure 
(Figure 1-1f) [6]. The structure of free Q[14] did not be characterized by 
crystallography, but 1H and 13C NMR suggested this macrocyclic compound should 
be symmetrical in solution for the similar assignment of resonance signals as other 
cucurbiturils. 
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2. Development of the supramolecular catalysis of cucurbiturils 
2.1 Supramolecular catalysis of cucurbit[6]uril 
 
 
Scheme 1-12 Cucurbit[6]uril-catalytic 1,3-dipole cycloadditions 
 
    The first successful case of supramolecular catalysis of cucurbituril family was a 
Q[6]-improved 1,3-dipole cycloaddition of an alkyl azide (Scheme 1-12, 49) with an 
alkynes (Scheme 1-12, 50). The reaction provided both products 51 and 52 (Scheme 
1-12) in the absence of macrocyclic compound; while just compound 51 was observed 
as the only product in the presence Q[6]. The above results indicated the 
cycloaddition could be controllable by Q[6] in thermodynamics. The key step in the 
supramolecular catalysis was release of product 51 from the cavity of macrocycle, 
which suggested the stero-selectivity could be related to Q[6]-induced self-assemble 
of materials [119]. The host-guest interaction enhanced reactivity could be further 
proofed by kinetic evidence that the intramolecular cycloaddition of designed 
substrate 53 (Scheme 1-12) was accelerated by a factor of 103 with catalysis of Q[6] 
[120]. The Q[6]-catalytic reaction and slow release of product was used for synthesis 
of kinds of polyrotaxanes and supramolecular device including Q[6]-encapsulated 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
23 
 
triazole components [121-124]. The mechanism of this supramolecular catalysis has 
been investigated by quantum chemistry. The 1,3-dipole cycloaddition had a 
thermodynamic barrier (calc. 60 kcal×mol-1), which could be overcome by addition of  
Q[6] to conquer decrease of entropy in the cycloaddion. On the other hand, the transition 
state of product 52 was too large to be encapsulated within the cavity of Q[6], 
consequently, the regioisomer could not be produced [125]. 
 
 
Scheme 1-13 Substrates of Q[6]-catalytic decomposition 
 
    The azidoalkyl-1-amines (Scheme 1-13, 55-58) and p-azidoaniline (Scheme 1-13, 
59) could form stable inclusion complexes with cucurbit[6]uril, and the stabilities 
were seriously dependence on the structures of substrates. The association constant Ka 
of 55 was 5.5 ´ 103 L × mol-1, while the constants of other encapsulation complexes 
were decreased about 10 times. All of the substrates were stable in acidic aqueous 
solution, however, in the presence of Q[6] host, they were able to be decomposed 
with formation of inclusion complexes even in dark in few hours. The mechanism was 
proposed be related to host-induced pKa shifts of substrates [126]. 
 
 
Scheme 1-14 Formation of coordination complex of oxovanadium with Q[6]. 
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    The metal-participated supramolecular catalysis of cucurbit[6]uril has been 
discovered. Oxovanadium(IV) could form a complex with Q[6] at one portal of the 
macrocycle (Scheme 1-14, 60). The oxovanadium-Q[6] complex catalyzed oxidation 
of linear alkanes in organic solution (Acetonitrile, Acetone, Dichloromethane, or 
benzene) as a heterogeneous catalyst. Oxovanadium(IV) was activated by 
coordination to carbonyl groups on cucurbit[6]uril, and substrates could be oxidized 
in the cavity of host, so the reactivity depended on the structures of substrates, and the 
catalytic oxidation was inactive in the cases of styrene, cyclohexane or z-cyclooctene, 
which were too large to be encapsulated by Q[6] [127]. 
 
2.2 Supramolecular catalysis of cucurbit[7]uril 
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Scheme 1-15 Q[7]-catalytic photodimerization of 2-aminopyridine hydrochloride. 
 
    Two 2-aminopyridine hydrochloride 61 (Scheme 1-15) could be carried out a [4 
+ 4] photodimerization reaction to yield two isomers, anti-trans and syn-trans 
products (Scheme 1-15, 62 and 63, respectively). The simultaneously encapsulated 
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substrates by Q[7] realized a stereoselective photochemical dimerization,  
4,8-diamino-3,7- diazatricyclo-[4.2.2.22,5]dodeca-3,7,9,11-tetraene (Scheme 1-15, 
62). Investigation on the host-guest interaction revealed two pyridine guests enter into 
the cavity of Q[7] from the alternative portal and overlap each other in the anti-form, 
which could be stabilized by the ion–dipole interaction of the protonated nitrogen 
atoms on the guest with the carbonyl oxygen atoms distributed around the portals of 
Q[7]. Rotation of substrates in the cavity has been restrained, which resulted in the 
stereoselective photodimerization. However, kinetics of the photochemical 
dimerization indicated that the reaction rate could not be improved by the addition of 
Q[7] [128]. The chemoselective photoreactions have been achieved by the 
employment of complex of Q[7] with metal cations such as Ti+, Fe3+, Co2+, Ni2+, Cu2+, 
and Ag+. The distribution of products of irradiated compound 63 (Scheme 1-16, 63) 
was 65 : 35 (64 : 65, Scheme 1-16), while the addition of Q[7] tended to produce 
more product 64, consequentially, the distribution was improved to 87 : 13 (64 : 65). 
In the case of photolysis of compound 66 (Scheme 1-16), the presence of complex of 
Q[7] with Ag+ afforded both products of 67 and 68 (Scheme 1-16) in a ratio of 59 : 41 
(67 : 68), while product 67 was exclusively observed in the absence of the macrocycle 
and metal cations [129]. 
 
 
Scheme 1-17 Photolysis of bicyclic azoalkanes. 
 
    With ion-dipolar interactions, the positively charge chemical intermediates could 
be stabilized by cucurbit[7]uril. 4,4’-Bis(dimethylamino)diphenylmethane 
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carbocation (Scheme 1-17, 69), a classic diarylmethane carbocation, was able to be 
encapsulated within the cavity of Q[7] with a moderate assocaition constant of Ka = 
2.0´104 L×mol-1,  and the content of 69 was maximized up to 90% among the three 
resonance forms in the presence of Q[7] [130]. The triarylmethane carbocation 
brilliant green 70 (Scheme 1-17) has been stabilized by encapsulation within Q[7] 
[131]. The transformational equilibrium of ketone to the hydrated ketal of 
N-methyl-4- (p-substituted benzoyl)pyridinium cation 71 (Scheme 1-17) has been 
evaluated in the presence of Q[7], and the ketone form with a positively charged 
carbon on carbonyl group could be partially included in the cavity of Q[7] [132,133]. 
The Q[7]-stabilized chemical intermediate has also be applied for novel route of 
organic synthesis. The radical cation of benzenamine encapsulated within the cavity 
of Q[7] has been used directly to synthesize polypseudorotaxane with the polyaniline 
axle threaded through cucurbit[7]uril macrocycles [134]. 
 
 
Scheme 1-17 Chemical intermediates stabilized by Q[7]. 
 
    In the aspect of negative catalysis, the encapsulation of Q[7] has be able to 
restrain the substrate from chemical reaction. A comparative investigation on the 
solvolysis of a serials of substituted benzyl chlorides (Scheme 1-18, 72) in the 
presence of cucurbit[7]uril and b-cyclodextins (b-CD) indicated that the reaction 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
27 
 
could be catalyzed by b-CD but inhibited by Q[7] for electron withdrawing 
substituted substrates, while the solvolysis of electron donating substituted benzyl 
chlorides could be improved by Q[7] but inhibited by b-CD. The above difference has 
been explained by different pathway of the solvolysis going through, associative 
mechanism or dissociative mechanism [135]. 4-Methoxyben- zenesulfonyl chloride 
(Scheme 1-18, 73) could also been protected from hydrolysis by the encapsulation in 
the cavity of Q[7] [136]. Sanguinarine (Scheme 1-18, 74), a biologically active 
natural benzophenanthridine alkaloid, interacted Q[7] with a slow shift between 1 : 1 
and 1 : 2 (G : H) interaction models, which resulted in an inhibition from nucleophilic 
attack and photooxidation of substrate [137]. 
 
 
Scheme 1-18 Substrates inhibited from chemical reactions by Q[7]. 
 
2.3 Supramolecular catalysis of cucurbit[8]uril 
    As mentioned above, the cavity of cucurbit[8]uril is enough large to contain two 
small organic guest, and the unique property makes this macrocycle proper for a 
micro-cell to catalyze reactions. The first case of Q[8]-catalytic photodimerization 
was discoveried in 2001, in which (E)-diaminostilbene dihydrochloride (Scheme 1-19, 
75) carried out a [2 + 2] photoreaction in the presence of Q[8], and the reaction rate 
and stereoselectivity was improved obviously, that is, with the supramolecular 
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catalysis, the ratio of syn- to trans- products was 95 : 1, while the stereoselective ratio 
was 80 : 20 in the presence of g-CD. The formation of ternary complex was confirmed 
with an association constant of 3.8 ´ 104 L2 × mol-2, and orientation to syn- 
conformation of two guest was favorite in the cavity of Q[8] [138]. 
 
 
Scheme 1-19 Photodimerization of (E)-diaminostilbene dihydrochloride in the 
presence of cucurbit[8]uril. 
 
    The further investigations on the photodimerization of 
1,2-bis(n-pyridyl)ethylenes and stilbazoles revealed that only addition of water, 
isomerization and intramolecular photoreaction of substrates were observed in the 
absence of Q[8]; while the photodimerization with addition of Q[8] afforded syn- 
products mainly with very high yield from 81-91% (Scheme 1-20). The controllability 
of stereo conformation of products was considered as the result of host-induced 
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parallel arrangement of two guest molecules in the cavity of Q[8], which was proofed 
by crystallographic evidence of formation of ternary host-guest inclusion complex 
[139-143]. More cases have been discovered that cinnamic acids [144,145], 
2-naphthoates or 2-naphthalenecarbonitrile [146-148], coumarins [149-152], and 
anthracene [153-156], could also be employed as the substrates of Q[8]-induced 
photodimerization, and the macrocycle always plays an important role to realize high 
stereoselectivity. 
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Scheme 1-20 Q[8]-induced photodimerization 1,2-bis(n-pyridyl)ethylenes and 
stilbazoles. 
    Cucurbit[8]uril has also been applied to enhance IBX (o-Iodoxybenzoic acid, 
Scheme 1-21, 76) oxidation of alcohols, and the product yields of aldehydes was 
obviously improved with addition of Q[8]. With veratryl alcohol employed as model 
substrate, the screening of reaction conditions indicated the supramolecular catalysis 
was in favor high temperature (95 °C), and just 10% mol macrocycle was enough for 
the improvement of oxidation. Other macrocyclic compounds involving 
cucurbit[6,7]urils and a,b,g-cyclodextrin, were investigated as the catalysts, and the 
results illustrated Q[6,7] and a,b-cyclodextrin, whose cavities were smaller than that 
of Q[8], were inacitive, while g-cyclodextrin with similar cavity size to Q[8] offered 
about 15% improvement of the oxidation, which was just half of catalytic activity of 
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Q[8] [157]. The supramolecular catalysis was seriously depending on the structures of 
substrates, and oxidation of aryl and allyl alcohols were able to be enhanced by 
addition of Q[8], while IBX oxidation alkyl occurred hardly either in the absence or in 
the presence of Q[8] (Scheme 1-21). The selectivity implied the intermediate in this 
IBX oxidation could be stabilized by Q[8] [158]. 
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Scheme 1-21 Q[8]-catalytic oxidation of alcohols by IBX. 
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3. Hemicucurbit[n]urils and their derivatives 
3.1 Hemicucurbit[n]urils and their supramolecular properties 
     
 
Scheme 1-22 a) Synthesis of hemicucurbit[6 or 12]uril; b) 1,3,5-alternate 
conformation of HemiQ[6] in crystal. Color codes: carbon, gray; nitrogen, blue; 
oxygen, red. 
    Hemicucurbit[n]urils (HemiQ[n], n= 6 or 12, Scheme 1-22a) have been found in 
2004, which were synthesized by a cyclic oligomerization from ethyleneurea and 
formaldehyde to produce the macrocyclic compounds like cutting off a half along the 
equator of cucurbituril molecules. Unlike synthesis of cucurbit[n]uril, in which the 
mixture of kinds of Q[n] was produced, the formation of HemiQ[n] with different 
dimension was simply controllable with very high yields (usually more than 90%) by 
reaction acidity and temperature, that is, HemiQ[6] could be afforded in 4M HCl 
aqueous solution, at room temperature, while the cyclic reaction offered HemiQ[12] 
in a heating 1M HCl aqueous solution (55 °C) (Scheme 1-22a) [159]. Since there is 
only one methylene chain bridged ethyleneurea units, the structures of HemiQs were 
flexible in solution with free rotation of ethyleneurea moieties, it intended to adopt a 
1,3,5-alternate confirmation in crystalline state (Scheme 1-22b). On the other hand, 
HemiQs could dissolve into organic solvents, such as chloroform, methanol, and 
DMSO, while only Q[5 and7] can dissolve into water and the solubility of Q[6 and8] 
in aqueous solution is very poor without protonation or aid of guest. The unique 
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property offers a new opportunity to develop supramolecular chemistry of cucurbituril 
family in nonaqueou media. 
 
Table 1-2 Solubility of HemiQ[6] with or without addition of metal cations, and the 
association constants (Ka) for coordination to metalsa 
Salt Solubility of HemiQ[6] (mol×L-1) logKa 
- (3.8±0.2) ´ 10-4 - 
Co(NO3)2 (5.5±0.2) ´ 10-4 1.18 ± 0.02 
Co(ClO4)2 (5.4±0.3) ´ 10-4 1.18 ± 0.02 
Ni(NO3)2 (6.2±0.2) ´ 10-4 1.34 ± 0.04 
Ni(ClO4)2 (5.8±0.3) ´ 10-4 1.34 ± 0.04 
Cu(NO3)2 (3.8±0.1) ´ 10-4 - 
AgNO3 (4.5±0.2) ´ 10-4 - 
Cd(NO3)2 (4.0±0.3) ´ 10-4 - 
TlNO3 (4.0±0.2) ´ 10-4 - 
Pb(NO3)2 (4.6±0.1) ´ 10-4 - 
CeCl3 (3.8±0.3) ´ 10-4 - 
TmCl3 (3.7±0.2) ´ 10-4 - 
LuCl3 (3.8±0.2) ´ 10-4 - 
UO2(NO3)2 (9.2±0.3) ´ 10-4 1.78 ± 0.03 
UO2Cl2 (9.1±0.2) ´ 10-4 1.78 ± 0.03 
a From ref. [160]. 
 
    HemiQ[6] could also coordinate to some metal cations, and the results of 
dissolvability tests of this macrocycle in water in the presence of kinds of metals 
shown that the solubility could be improved by addition of only Co2+、Ni2+ and UO2+ 
with little increase of association constants (Table 1-2), and the interactions were 
obviously independent of the species of anions. The association constants of smaller 
than 100 indicated that the coordination of HemiQ[6] to metal cation should be very 
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weak, and the selectivity was different from that of Q[6] [160]. Comparatively, the 
affinities of HemiQ[6] with anions were stronger than that with above metals from the 
measured association constants in Table 1-3, and the independence of the interactions 
on species of cations was also observed [161]. 
 
Table 1-3 association constants (Ka) for interactions of HemiQ[6] with anionsa 
Salts logKa 
NaSCN 2.21 ± 0.002 
KSCN 2.17 ± 0.002 
NH4SCN 2.15 ± 0.002 
NaI 2.02 ± 0.001 
KI 1.96 ± 0.001 
RbI 2.00 ± 0.001 
CsI 2.00 ± 0.001 
a From ref. [161]. 
 
3.2 Cyclohexylhemicucurbit[6]uril and its supramolecular property 
    Cyclohexylhemicucurbit[6]uril (CycHemiQ[6], Scheme 1-23), a derivative of 
HemiQ[6] with cyclohexyl group on each ethyleneurea unit, was oligomerized with  
cis-octahydro-2H-benzimidazol-2-one and formaldehyde, which also adopted 1,3,5- 
alternate confirmation in crystalline state, and crystallization from different solvent, 
CH2Cl2, CHCl3, and CCl4, exhibited different interaction models of CycHemiQ[6] 
with solvent molecules [162]. The chiral cyclohexyl moiety granted the host 
recognition towards chiral guests, and for carboxylic acid guests, the selectivity of 
CycHemiQ[6] was dependent on the structures of substrates. Acetic acid was too 
small to form a tight interaction complex, so the association constant was 10 times 
smaller than the constant of interaction between monoethyl fumarate and 
CycHemiQ[6]. a-Substituted guests were unfavorable to bind this macrocycle by 
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steric effect. The host-guest interaction of thioic acid guest was obviously weaker than 
carboxyl acids possibly due to the hydrogen binding between sulfydryl group and 
carbonyl groups on CycHemiQ[6] was weak [163]. 
 
 
Scheme 1-23 Structure of cyclohexylhemicucurbit[6]uril (CycHemiQ[6]). 
 
3.3 Bambus[6]urils and their supramolecular properties 
 
Scheme 1-24 Structures of Bambus[6]urils (BU[6]s). 
     
 
Bambus[6]uril (BU[6]) was firstly found as a methyl substituted macrocycle 
(Scheme 1-23) [164], which had the structure feathers of both cucurbituril and 
hemicucurbituril, namely, the structure of BU[6] included the glycolurils bridged with 
only one methylene chain, and the flexible structure resulted in a 1,3,5- alternate 
confirmation in crystalline state like the cases of above hemicucurbiturils. n-Propyl 
and benzyl group substituted species of BU[6]s (Scheme 1-23) has been reported 
recently [165], which bore similar structure character and supramolecular properties 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
35 
 
of affinity for anions. In the case of methyl group substituted BU[6], the association 
constants of host-guest interactions between kinds of anions and this macrocycle 
shown selectivity of the host for the dimension of guest (Table 1-4), and the affinity 
was also independent on the species of cations [166]. 
 
Table 1-4 association constants (Ka) for interactions of BU[6] with anionsa 
Anions Ka (L × mol-1) 
Cl- 780 
Br- 4.8×104 
BF4- 2.1×104 
NO3- 1.6×104 
CN- 5.9×103 
I- 8.9×105 
a From ref. [166]. 
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4. Outline of the doctor research 
    Based on the above literature review, this doctor research was beginning with the 
further investigation on IBX oxidation of aromatic alcohols in the presence of 
cucurbit[8]uril, in which the host-guest interaction between veratryl alcohol, IBX and 
Q[8] was studied to propose a mechanism of the supramolecular catalysis, and 
substituent effect was investigated by employ a few aryl alcohols in this 
Q[8]-catalytic oxidation. Hemicucurbit[6]uril was also applied for the chemical 
control of IBX oxidation of hydroxyl benzylalcohols to realized a chemo-selective 
oxidation. More supramolecular catalysis of HemiQ[6] were developed including 
esterification and aerobic oxidation in the presence of the macrocycle. 
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Chapter 2 
 
 
 
 
 
 
 
IBX Oxidation of Aromatic Alcohols in the Presence of 
Cucurbit[8]uril 
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1. Introduction 
The procedure for transformation of alcohols into the corresponding aldehydes is 
an important issue for fundamental organic synthesis [1-3], in which traditional 
inorganic reagents are considered hazardous and toxic, and all of these aerobic 
oxidations depend on the design of coordination compounds to activate the dioxygen 
molecule to induce the formation of singlet oxygen [4], while the organic oxidants can 
efficiently and smoothly perform the oxidative process in a direct way [5,6]. Recently, 
a few significant organic syntheses that have employed o-iodoxybenzoic acid (IBX, 
Scheme 2-1) revealed the advantages and importance of this oxidizing agent [7-9], 
which could be easily obtained as a precursor of Dess-Martin Periodinane (DMP) [10], 
and is a safe alternative to its oxidation product, with the same efficiency.  
 
 
Scheme 2-1 IBX oxidation of aromatic alcohols in the presence of Q[8] 
 
Since the presence of water can restrain the oxidation, hydrophobic solvents, 
such as ethyl acetate and 1,2-dichloroethane, were considered during optimization of 
the solvent medium in the IBX oxidation [11,12]. To explore a novel oxidative 
procedure by using IBX in an eco-friendly process, a supramolecular catalysis, with 
cucurbit[8]uril for the oxidation of alcohols was recently designed and executed, and 
exhibited a very satisfying conversion rate [22, 23]. To provide an elementary 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
50 
 
understanding of the mechanism of supramolecular catalysis of macrocyclic 
compounds, based on the investigation of the ternary host-guest interaction between 
veratryl alcohol, IBX and Q[8], two series of aromatic alcohol substrates, 
2,3,4-methoxybenzyl alcohol and 2,3,4-pyridinemethanol hydrochloride, have been 
used to reveal the substituent and electronic effect on this supramolecular catalysis 
(Scheme 2-1). 
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2. Results and discussion 
2.1 Host-guest interaction between IBX, veratryl alcohol and cucurbit[8]uril 
  
 
Figure 2-1 a) Fluorescence emission spectra of mixed aqueous solution of veratryl 
alcohol and IBX (4.00 ´ 10-5 mol/L) in a ratio of 1:1, and titration with increasing Q[8] 
(from 0 to 8´ 10-6 mol · L-1 along the arrow direction); b) Fluorescence spectra of 
veratryl alcohol in the absence (black) and presence of Q[8] (1 : 1, red); c) 
Corresponding molar ratio plots of the fluorescence emission at 310 nm show the 
formation of the ternary host-guest inclusion complex in a ratio of 1:1:1, which yields 
an association constant Ka = (1.6 ± 0.4) ´ 106 L·mol-1. 
 
    The supramolecular catalysis of Q[8] on the IBX oxization of veratryl alcohol 
has been confirmed in previous work [13], so this substrate was employed as a model 
to achieve the foundational understanding of the ternary host-guest interaction 
between Q[8] and veratryl alcohol, IBX. 1H NMR spectroscopy is always a very 
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important tool to understand the association site between host and guest in 
supramolecular chemistry [15], but which was unavailable to investigate the 
formation of the inclusion complex due to the poor solubility of Q[8] in aqueous 
solution. The fluorescence spectrophotometric analysis was employed to the study the 
inclusion complex of Q[8] with the alcohol substrate and IBX (Figure 2-1a). The 
independent experimentations indicated that fluorescence emission of veratryl alcohol 
can’t respond to the addition of Q[8] (Figure 2-1b), and IBX was not able to be 
excited at 276 nm, but the fluorescence intensity of the combined solution of the 
alcohol and IBX in a ratio of 1 : 1 was decreasing with the increasing concentration of 
Q[8]. The above changes illuminated that the formation of the ternary inclusion 
complex in a ratio of 1 : 1 : 1 with a moderate association constant of (1.6 ± 0.8) ´ 106 
L2·mol-2 (Figure 2-1c). 
 
 
Figure 2-2 Cyclic voltammetric response of veratryl alcohol (8.00 ´ 10-5 mol/L, 
black), mixed aqueous solution of veratryl alcohol and IBX (8.00 ´ 10-5 mol/L, 1 : 1, 
red), veratryl alcohol and Q[8] (8.00 ´ 10-5 mol/L, 1:1, green) and the ternary mixture 
of veratryl alcohol, IBX and Q[8] (8.00 ´ 10-5 mol/L, 1 : 1 : 1, Blue). 
 
The above host-guest interaction was also supported by Cyclic Voltammetry (CV) 
analysis (Figure 2-2). There was no observation of CV response to IBX, and the 
electrochemical activity of veratryl alcohol corresponded to an irreversible oxidation 
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process with the peak potential (Ep) at about 1.30 V (Figure 2-2, black), which was 
almost similar to that of the mixture of IBX and veratryl alcohol substrate (Figure 2-2, 
red), while the peak potential shifted slightly to 1.27 V with addtion of Q[8] (Figure 
2-2, green). In the presence of both 1 equiv mol Q[8] and IBX, the Ep shifted slightly 
more negative to about 1.25 V with a little increasing current (Figure 2-2, blue), that is, 
the encapsulation of both veratryl alcohol and IBX by Q[8] caused the bigger 
diffusion coefficient of the inclusion complex than the free veratryl alcohol guest and 
more reductive of the alcohol substrate. 
 
 
Figure 2-3 Calculation results of designed pathways to form the iodoester 
intermediate, the different conformations of both syn- and anti- have been optimized 
to give the corresponding formation energies (DE) of the intermediates in the absence 
and presence of Q[8]. The italic figures represent the net charges on the hypervalent 
iodine. Color codes: carbon, gray; nitrogen, blue; oxygen, red; hydrogen, white. 
 
Based on the above investigation of the ternary host-guest interaction, quantum 
chemistry has been employed to understand what the static structures of the 
encapsulation looked like and how it was thermodynamic stable in microcosmics. The 
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optimized structures (Figure 2-3) indicated the intermediate formation of the 
iodoesters involving syn- and anti- conformations [16], which was stabilized by the 
encapsulation of Q[8] with the dipole-dipole interaction between the hypervalent 
iodine of IBX and the carboxylic group on cucurbituril with about 2 Å distances in 
either syn- or anti- conformations.  
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Scheme 2-2 Possible mechanism of the Q[8]-catalytic oxidation. 
 
On the viewpoint of kinetics, the obvious decrease of formation energies (DE) of 
the iodoester intermediates confirmed the activity of Q[8] as a supramolecular catalyst. 
The formation energies (DE) of the iodoester intermediates were -294.3 KJ×mol-1 for 
syn- conformation and -274.7 KJ×mol-1 for anti- conformation, respectively, while 
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with the addition of Q[8], which were corresponding -516.6 and -549.0 KJ×mol-1. That 
the formation of intermediates were more easily in the cavity of macrocycle could be 
the drive force to improve the oxidation. 
The more positive charges on the periodine demonstrated the more oxidative of 
IBX in the presence of Q[8], and the electron transfer (ET) from alcohol to iodoxyl 
group should be effected by the formation of the ternary host-guest inclusion complex, 
so the electronic effect of the substituent of alcohol could played a crucial role in the 
supramolecular catalysis of macrocycle. On the other hand, the formation of the 
iodoester should be orientated within the cavity of cucurbit[8]uril. In consequence, the 
supramolecular catalysis could provide a possible mechanism (Scheme 2-2) involving 
the orientation to form the iodoester and enhanced ET by the simultaneous 
accommodation of both alcohol and IBX in the cavity of Q[8]. 
 
2.2 IBX oxidation of methoxybenzyl alcohols in the presence of cucurbit[8]uril 
A few aromatic alcohols were employed to figure out the electronic effect on the 
supramolecular catalysis of Q[8], according to the above proposed mechanism of the 
Q[8]-improved attack of alcohol to IBX to form the iodoester intermediate. The 
conversions of 2,3,4-methoxybenzyl alcohols into the corresponding aldehydes at 
different time from 12 to 60 hours, either in the absence or in the presence of the 
macrocyclic compound Q[8], were collected in Figure 2-4. One can see that 
2-methoxybenzyl alcohol (Figure 2-4a) had the highest reaction activity in the 
absence of catalysis by Q[8]. The rapid achievement of about 50% conversion of the 
2-methoxybenzyl alcohol implied that the oxidation with IBX could be the fast 
chemical equilibrium. When 10% mol Q[8] was added into the reaction system [13], 
the conversion was not obviously improved, showing that the supramolecular 
catalysis was ineffective for the oxidation of 2-methoxybenzyl alcohol.  
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The similar result was found in the case of oxidation of 4-methoxybenzyl alcohol 
(Figure 2-4c), although the reaction activity was slightly lower than 2-substitution. 
The conversion was increasing along with reaction time before the achievement of 
equilibrium in 36 hours and can ultimately attain a level of about 50%. The addition 
of Q[8] was not able to catalyze the IBX oxidation efficiently, and just very little 
improvement of conversion was observed.  
For the substrate 3-methoxybenzyl alcohol (Figure 2-4b), the conversion was 
extraordinarily low in the absence of Q[8], and there was only 23% conversion even 
after 60 hours. However, in the presence of Q[8], the transformation of 
3-methoxybenzyl alcohol oxidized by IBX exhibited a significant catalytic effect via a 
supramolecular strategy to surprisingly improve 50% conversion. 
 
Table 2-1. Rate constants for the IBX oxidation of methoxybenzyl alcohols in the 
absence and presence of Q[8] 
Substrates 
Rate constants (s-1) 
(kcat/kuncat) 
Without Q[8], kuncat With Q[8], kcat 
 
5.6 ´ 10-5 7.6 ´ 10-5 1.4 
 
1.7 ´ 10-6 1.0 ´ 10-5 6.0 
 
1.4 ´ 10-5 1.4 ´ 10-5 1.0 
 
On the kinetic aspect, the above relationship of conversions vs. time could be 
described with the First-order equation (2-1) [17]: 
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Ct = C0 × [ 1 - exp(-k × t)]          (2-1) 
 
where Ct was the conversion of alcohol at t time, C0 was the initial conversion of 
substrate, and k was the corresponding rate constant. With the non-linear curve-fitting, 
the calculated rate constants in the above oxidation system were collected in Table 2-1. 
One can see that the slowest reaction rate was observed in the IBX oxidation of 
3-methoxybenzyl alcohol in the absence of Q[8], which was obviously accelerated by 
the addition of Q[8] with the largest acceleration factor (kcat/kuncat) of 6.0, while the 
rate constants of the other two substrates with supramolecular catalysis of Q[8] were 
similar to those in the absence of Q[8]. 
The above evidence suggested that the oxidation of alcohols with IBX should be 
very much dependent on the structures and electronic effect of the substrates. The 
methoxy group on the aromatic ring caused a generally positive conjugated (+C) effect and 
negative inductive (–I) effect simultaneously. In the cases of 2- and 4-methoxybenzyl 
alcohols, the conjugated effect was more important, but the inductive effect in 
2-methoxybenzyl alcohol was stronger than the 3-substituent due to the weaker 
covalent bonds between the methoxy group and the a-C. Comparatively, the least 
oxidized activity of 3-methoxybenzyl alcohol in the absence of Q[8] could be 
considered as deriving only from the –I effect. It seemed that the substituent with 
positive conjugated effect was favorite on IBX oxidation without addition of Q[8], but 
the supramolecular catalysis of Q[8] took priority over the oxidizing alcohol substrate 
with negative inductive effect. 
 
2.3 IBX oxidation of pyridinemethanol hydrochlorides in the presence of 
cucurbit[8]uril 
To prove the above hypothetical mechanism, the second series of aromatic 
alcohols, 2,3,4-pyridinemethanol hydrochlorides, which embodied the –C effect and  
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stronger –I effect than the corresponding methoxybenzyl alcohols by reason of the 
protonated nitrogen atom in pyridine group, were employed to investigate the 
Q[8]-catalytic activity. The results were shown in Figure 2-5. As expected, all of the 
substrates produced very low activity for IBX oxidation without the addition of Q[8], 
while the supramolecular catalysis of Q[8] was on the whole efficient and the 
dependence of the catalytic activity on the structures of the substrates could still be 
observed as with the isomers of methoxybenzyl alcohols. The Q[8]-improved 
conversion of the oxidized 2, 4-pyridinemethanol hydrochlorides was only 20% while 
the conversion was significantly increased from 10% to about 80% in the presence of 
Q[8] for 3-pyridinemethanol hydrochloride. 
 
Table 2 Rate constants for the IBX oxidation of pyridinemethanol hydrochlorides in 
the absence and presence of Q[8] 
Substrates 
Rate constants (s-1) 
(kcat/kuncat) 
Without Q[8], kuncat With Q[8], kcat 
 
1.3 ´ 10-6 2.3 ´ 10-5 17.7 
 
7.5 ´ 10-7 2.3 ´ 10-5 30.7 
 
1.5 ´ 10-6 2.7 ´ 10-5 18.0 
 
The rate constants of IBX oxidation of pyridinemethanol hydrochlorides in the 
absence and presence of Q[8]-catalytic curve-fitted with equation (2-1) were exhibited 
in the Table 2-2. It was very obvious that the activity of Q[8] as a supramolecular 
catalysis on the pyridyl alcohol hydrochloride system was more effective than that on 
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the methoxybenzyl alcohol system.  
For the oxidation reaction of 2,3,4-pyridinemethanol hydrochlorides without Q[8] 
catalysis, the rate constants were smaller than those in the cases of 
2,3,4-methoxybenzyl alcohols, but the rate constants were improved to about 2.5 ´ 
10-5 s-1 with the addition of macrocyclic compound Q[8]. The most acceleration with 
a factor of 30.7could be found in the Q[8]-catalytic oxidation of 3-pyridinemethanol 
hydrochlorides, and even the other acceleration factors of about 18.0 were more than 
those in the methoxybenzyl alcohol system. 
The relative reaction activity for different substrate structures, which was in fact 
an electronic effect, suggested that the transformation of aromatic alcohols into the 
corresponding aldehydes with IBX oxidant was mechanistically linked to an electron 
transfer pathway involving an electron-rich a-carbon due to a hydride transfer of the 
alcohols (Scheme 2-2). The stabilization by the positive conjugating effect of 
substituent, should promote the ET procedure from the electron-rich a-carbon to the 
electron-poor hypervalent iodine of IBX, resulting in the observation that the 2- and 
4-methoxybenzyl alcohols could give about 50% conversion of IBX oxidizing without 
catalysis by Q[8]. In contrast, the –C effect impeded reaction activity due to the 
decreased electron density on the a-carbon, exemplified by the protonated pyridyl 
alcohols, but the presence of Q[8] could provide some improvement of the conversion. 
On the other hand, the –I effect of the 3-methoxybenzyl and 3-protonated pyridyl 
groups was preferable to the supramolecular catalysis of Q[8] on the IBX oxidation. 
 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
62 
 
3. Conclusion 
    To explain the supramolecular catalysis of cucurbit[8]uril on the IBX oxidation 
of veratryl alcohol, the host-guest interaction was investigated by fluorescence 
spectrometry, electrochemical analysis, and the results suggested the formation of a 
ternary complex between IBX, veratryl alcohol and Q[8] in a molar ratio of 1 : 1 : 1. 
Quantum chemistry revealed the formation of the intermediate of IBX oxidizing 
veratryl alcohol, the iodoester, was more easy in the cavity of Q[8]. An investigation 
of the Q[8]-catalytic transformation of two series of aromatic alcohol substrates, 
2,3,4-methoxybenzyl alcohol and 2,3,4-pyridinemethanol hydrochloride, into 
corresponding aldehydes in aqueous solvent revealed that the electronic property of 
the substituent had a significant effect on the supramolecular catalysis by Q[8] of the 
IBX oxidation of aromatic alcohols. The relationship between the substituent structure 
and the conversion of aromatic alcohol suggested that an electron-rich a-carbon was 
mechanistically connected to the procedure for IBX oxidation and the stabilized 
a-carbon with its positively conjugated electron-rich substituent could be easily 
oxidized in the absence of Q[8]. The presence of Q[8] provided a novel and intriguing 
concept for the oxidation of aromatic alcohols with IBX, that is, the oxidation of 
alcohols with negative inductive effect substituent can be enhanced by the 
supramolecular catalysis of cucurbit[8]uril.  
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4. Experimental 
4.1 Materials and apparatus 
    Q[8] was prepared and purified according to the methods reported in literature 
[18]. Veratryl alcohol, 2,3,4-methoxybenzyl alcohol, 2,3,4-pyridinemethanol and their 
corresponding aldehydes were purchased from Alfa Aesar (Tianjin) Chemical Co., Ltd. 
and used without further purification. IBX was prepared with 2-iodobenzoic acid and 
ozone [35]. 1H NMR (d6-DMSO, δ): 7.96 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 7.6 Hz, 1H), 
7.46 (t, J = 7.6 Hz, 1H), 7.22 (t, J = 7.6 Hz, 1H). Mp: 230-233 °C with explosive 
decomposition.  
Fluorescence emission spectra have been recorded on a Varian RF-540 
fluorescence spectrophotometer at 25 °C.  
Cyclic voltammetry has been performed on BASi-Epsilon E2-440 (USA) 
electrochemical workstation with a conventional three-electrode system comprising a 
platinum electrode as the auxiliary electrode, a Ag/AgCl (soked in 3M NaCl) 
electrode as the reference, and the glass carbon electrode (GCE, geometrical surface 
area = 0.07 cm2) as the working electrode. The GCE was polished to a mirror finish 
using 1.0, 0.3, and 0.05 μm alumina slurries and rinsed with ultrapure water before 
every CV testing. 
    High Performance Liquid Chromatography (HPLC) was performed using a 
Shimadzu LC-20A with a PhotoDiode Array Detector detector (PDA). The alcohols 
and corresponding aldehydes were successfully separated by a Sipore ODS-3 
chromatographic column (150 mm ´ 0.21 mm ´ 5 mm) for methoxybenzyl alcohols 
and a Sipore SCX chromatographic column (150 mm ´ 0.21 mm ´ 5 mm) for pyridyl 
alcohol hydrochlorides. Oxidation results were calculated from the integrated peak 
areas and expressed in terms of the percentages of the aldehyde formed. 1H NMR 
spectra were recorded at 20 °C on a VARIAN INOVA-400 spectrometer in D2O. 
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4.2 Interaction of Q[8] with veratryl alcohol and IBX 
The associate constant has been measured with fluorescence spectra. The 
aqueous solutions of both veratryl alcohol and IBX with a fixed concentrations of 
4.00 ´ 10-5 mol×L-1 in the presence of increasing concertrations of Q[8] were prepared. 
The emission spectra at 310nm with excitation at 276 nm have been used to curve fit. 
In the electrochemical analysis, the concentration of IBX and Veratryl alcohol in the 
aqueous was kept a constant of 8×10-5 mol×L-1, and the experiments were conducted 
in 4 ´ 10-3 mol×L-1 KCl solution prepared with ultrapure water. Scan rate is 0.5 
V×min-1 
    The quantum chemistry has been processed on the Mopac 2009 software 
package [19]. The initial geometries of all structures were constructed with the aid of 
Hyperchem Release 7.52 package [20]. The semi-empirical method of PM6 was used 
for full geometry optimization [21]. 
2.3 Catalytic oxidation experiments 
A measure of alcohol (0.2 mmol), methoxybenzyl alcohol and pyridyl alcohol, 
was added to the suspended solution of 0.2 mmol IBX and Q[8] in 25 mL distilled 
water. The reaction was carried out at 25 °C. The product was separated from the 
mixture by filtration under vacuum and the filtrate was directly used for the HPLC 
analysis. To detect the oxidation of alcohols with 1H NMR, 5 mg Q[8] was added to 
the previously prepared suspended solution of 5 mL alcohol and 10 mg IBX in D2O. 
The solutions (Q[8], alcohols and IBX in an approximate 0.1 : 1 : 1 molar ratio) have 
been stirred for at least 48 hours in a thermostatic bath at 25 °C, and the purified 
liquids were measured directly after centrifugal separation. The products were 
identified by 1H NMR comparing their retention time in HPLC with the aldehydes 
obtained commercially. 
    2-Methoxybenzyl aldehyde. 1H NMR (400M Hz, D2O) d 10.01 (s, 1H), 7.63 (d, J 
= 8.0 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.04 (d, J = 8.0 Hz, 1H), 6.98 (t, J = 7.6 Hz, 
1H), 3.78 (s, 3H). 
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    3-Methoxybenzyl aldehyde. 1H NMR (400M Hz, D2O) d 9.71 (s, 1H), 7.39 (m, 
2H), 7.31 (s, 1H), 7.16 (d, J = 8.0 Hz, 1H), 3.71 (s, 3H). 
    4-Methoxybenzyl aldehyde. 1H NMR (400M Hz, D2O) d 9.60 (s, 1H), 7.77 (d, J 
= 8.4 Hz, 2H), 6.99 (d, J = 8.4 Hz, 2H), 3.76 (s, 3H). 
    2-Pyridinecarbaldehyde hydrochloride. 1H NMR (400M Hz, D2O) d 8.58 (d, J = 
5.6 Hz, 1H), 8.50 (t, J = 8.0 Hz, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.89 (t, J = 8.0 Hz, 
1H)6.15 (s, 1H).   
    3-Pyridinecarbaldehyde hydrochloride. 1H NMR (400M Hz, D2O) d 8.72 (s, 1H), 
8.60 (d, J = 5.6 Hz, 1H), 8.55 (d, J = 8.4 Hz, 1H), 7.94 (d-d, J = 8.0 Hz, 1H), 6.07 (s, 
1H). 
    4-Pyridinecarbaldehyde hydrochloride. 1H NMR (400M Hz, D2O) d 8.69 (d, J = 
6.8 Hz, 1H), 8.04 (d, J = 6.4 Hz, 1H), 6.09 (s, 1H). 
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Chapter 3 
 
 
 
 
 
 
 
Hemicucurbit[6]uril-catalytic IBX oxidation of 
hydroxybenzyl alcohols with chemo-selectivity  
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1. Introduction 
The successful applications of cucurbiturils for the organic synthesis [1,2] 
promote us to develop new supramolecular catalysis of cucurbituril members, 
however, the virtual lack of solubility of cucurbiturils in common organic solvents [3] 
restricts the further exploration of their applications in organic chemistry. The 
appearance of hemicucurbiturils (HemiQ[n, n = 6 or 12], Scheme 3-1) involving two 
members, HemiQ[6] and HemiQ[12], provides a new platform for the exploitation of 
the supramolecular properties of the cucurbituril family [4]. 
 
 
Scheme 3-1 Structure of Hemicucurbit[6 and 12]uril 
 
The oxidation of hydroxyl groups frequently employed chromium- and 
rutheniumbased reagents, Fremy’s salt [(KSO3)2NO] and TEMPO-mediated oxidants 
[5-10]. Organic oxidants of a serial of hypervalent iodine compounds have been 
developed since the beginning of 1990s due to the interest in their effective oxidizing 
properties. The Dess–Martin reagent is an important member of the hypervalent 
oxidants [11], and o-iodoxybenzoic acid (IBX) was found as a precursor, which has 
received a lot of attention as a result of its ability to oxidize hydroxyl groups in an 
extraordinarily efficient and selective manner [12]. Actually, IBX had not been 
considered as a useful reagent in organic synthesis because of its poor solubility in 
common organic solvents. However, it has been found that IBX can dissolve in 
DMSO to oxidize alcohols with very satisfying conversions [13].  
 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
70 
 
 
 
 
Scheme 3-2 Chemo-selective oxidation of hydroxybenzyl alcohols with IBX in the presence of 
Hemicucurbit[6]uril 
 
In the last twenty years, IBX chemistry has experienced significant development 
in order to prove the oxidation activity of hydroxyl and amino groups [14-16]. The 
importance of this reagent lied in the advantage of regio-selective oxidation, for 
example, the oxidation of phenol with IBX provides o-quinone as the only product 
[15,17], but there were two products (o- and p-quinones) formed with the use of 
Fremy’s salt [9]. Recently, the IBX oxidation of alcohols in aqueous solution with the 
supramolecular catalysis of cucurbit[8]uril was reported by our group [18-20]. Here, 
the chemo-selective IBX oxidation of hydroxybenzyl alcohols, a serial of substrates 
with bifunctional groups, in the presence of HemiQ[6] was described (Scheme 3-2). 
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2. Results and discussion 
2.1 IBX oxidation of different hydroxybenzyl alcohols in the absence or in the 
presence of hemicucurbit[6]uril 
    For hydroxybenzyl alcohols, there are two kinds of hydroxyl groups on every 
substrate, phenolic hydroxyl group and alcoholic hydroxyl group, both of which can 
be oxidized by IBX to provide different products, aldehyde from oxidation of 
alcoholic hydroxyl group and quinones from phenolic hydroxyl group, and the yield 
distribution of the products were changed with the addition of hemicucurbit[6]uril 
(Scheme 3-3). The products formed by the IBX oxidation of different hydroxybenzyl 
alcohols in the absence or in the presence of different amounts of macrocycle were 
collected in Table 3-1. 
 
 
Scheme 3-2 IBX oxidation of hydroxybenzyl alcohols in the absence and presence of 
HemiQ[6]. 
 
    Pioneering work found that the IBX oxidation of phenols always produced 
o-quinones [15,17], where two o-quinones, 3-(hydroxymethyl)-o-quinone and 
o-benzoquinone, were found to form from the oxidation of phenolic group on 
2-hydroxybenzyl alcohol, with yields of 25.8% and 24.7%, respectively, and the 
product 2-hydroxybenzaldehyde was also detected with 30.7% yield. For the purpose 
of the regio-selective oxidation of a bifunctional substrate via a supramolecular 
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strategy, HemiQ[6] was introduced into this system. The yields of the aldehyde 
product and quinones decreased with increasing amounts of HemiQ[6], namely, the 
yields of the quinones decreased by half in the presence of 25 mol% HemiQ[6], and 
the oxidation of the phenolic hydroxyl group was resisted completely in the presence 
of HemiQ[6] to afford 2-hydroxybenzaldehyde as the only product, with a slightly 
decreasing yield when using a HemiQ[6] : 2-hydroxybenzyl alcohol ratio of 0.5 : 1, 
and an increase in the amount of IBX to two times that of the substrate improved the 
yields of quinones, but the yield of the aldehyde remained almost constant (entry 1, 
Table 1). 
 
Table 3-1 Product distribution of IBX oxidation of hydroxybenzyl alcohols in 1 hour 
in the presence or in the absence of HemiQ[6].a 
Entry substrate amount of HemiQ[6] (% mol.) 
ratio of IBX 
to substrate 
products 
2 3a 3b 3c 
1 1a 
0 1 : 1 31 26 - 25 
25 1 : 1 28 14  13 
50 1 : 1 25 - - - 
50 2: 1 21 19 - 36 
2 1b 
0 1 : 1 40 13 23 - 
25 1 : 1 43 3 10  
50 1 : 1 55 - - - 
50 2 : 1 52 16 21 - 
3 1c 
0 1 : 1 63 - 14 - 
25 1 : 1 56  10  
50 1 : 1 51 - - - 
50 2 : 1 87 - 13 - 
a The yield of each product was directly confirmed by 1H NMR spectral data. 
 
    In the case of the m-hydroxybenzyl alcohol substrate, there was also two active 
sites on the benzene ring for the oxidation of the phenolic hydroxyl group, producing 
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12.6% 3-(hydroxymethyl)-o-quinone and 23.4% 4-(hydroxymethyl)-o-quinone, which 
revealed a steric hindrance effect, that the oxidation at the 4-position was more easy 
than at the 3-position, and brought about the double yield of 
3-(hydroxymethyl)-o-quinone. In the mean time, 39.5% of 3-hydroxybenzaldehyde 
was found as the product of the oxidation of benzyl alcohol. With the increasing 
addition of HemiQ[6], the oxidation of the phenolic hydroxyl group was cut down and 
finally resisted with a 0.5 : 1 ratio of HemiQ[6] to the substrate, while the yield of the 
aldehyde product was increased from 39.5% to 55.3%. Using double the amount of 
IBX improves the conversion of 3-hydroxybenzyl alcohol to 88.9%; however, further 
increasing the amount of oxidant did not achieve more aldehyde product, instead the 
yields of the o-quinones were increased (entry 2, Table 1). 
    The results of the IBX oxidation of 4-hydroxybenzyl alcohol in the absence of 
HemiQ[6] were simpler than the above cases, and afforded only two products, 
p-hydroxybenzaldehyde and 4-(hydroxymethyl)-o-quinone, were obtained with yields 
of 62.7% and 14.4%, respectively. The presence of HemiQ[6] caused the phenolic 
hydroxyl groups to become chemically inert, that is, the corresponding quinone 
vanished and only 4-hydroxybenzaldehyde was observed with 50 mol% HemiQ[6], 
moreover, the yield of the aldehyde product was improved by 36% in company with 
13.1% o-quinone by the addition of more than 1 equiv. IBX (entry 3, Table 1), which 
revealed that the ternary complex of the substrate, IBX and HemiQ[6], and 
additionally the reaction rate of the IBX oxidation would be slower than the dynamic 
interaction of 4-hydroxybenzyl alcohol with HemiQ[6]. 
 
2.2 Kinetic analysis of IBX oxidation of hydroxylbenzyl alcohols in the presence of 
hemicucurbit[6]uril 
    The IBX oxidation of 2-hydroxybenzyl alcohol was carried out with 50 mol% 
HemiQ[6], and the 1H NMR spectra traces suggested that only the corresponding 
aldehyde product was formed (Figure 3-1a). Comparing this result with that of the 
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reaction without the protection, the oxidation conversion of 2-hydroxybenzyl alcohol 
in the presence of HemiQ[6] was less, which provided only 25.3% aldehyde in 1.0 
hour, and the conversion was improved by 30.5% over the next 2.0 hours. The kinetic 
plots of the oxidation of 2-hydroxybenzyl alcohol in the presence of 50 mol% 
HemiQ[6] was displayed in Figure 3-1b, which could be described by the following 
first-order formula (3-1): 
 
Ct = C0 × [ 1 - exp(-k × t)]     (3-1) 
 
where C0 was the initial hydroxybenyl alcohol concentration (%) and Ct was the 
concentration (%) at time t, k was the corresponding reaction rate constant, which was 
found as k = 2.2 h-1 in this case.  
 
 
Figure 3-1 a) 1H NMR spectra of IBX oxidation of 2-hydroxybenzyl alcohol in the 
presence of HemiQ[6]; b) kinetic plots of IBX oxidation of 2-hydroxybenzyl alcohol 
to afford 2-hydroxybenzaldehyde in the presence of HemiQ[6] 
 
    In the presence of 50 mol% HemiQ[6], the alcoholic hydroxyl group of the 
3-hydroxybenzyl alcohol was oxidized by IBX to produce 3-hydroxybenzaldehyde, 
while the phenolic hydroxyl group was resisted to oxidation, so no quinone product 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
75 
 
was found, as observed from the 1H NMR spectra (Figure 3-2a). On the other hand, 
the reaction achieves 55.3% conversion in 1.0 hour, which was more than double the 
conversion of o-hydroxybenzyl alcohol, and the non-linear fitting of the kinetic plots 
with formula 3-1 gave a corresponding rate constant of k = 4.1 h-1 (Figure 3-2b), 
which was almost twice that in the case of IBX oxidation of o-hydroxybenzyl alcohol 
with protection of HemiQ[6]. Accordingly, both the above thermodynamic and kinetic 
evidence suggested that the IBX oxidation of 3-hydroxybenzyl alcohol in the presence 
of HemiQ[6] was more effective than for 2-hydroxybenzyl alcohol. 
 
 
Figure 3-2 a) 1H NMR spectra of IBX oxidation of 3-hydroxybenzyl alcohol in the 
presence of HemiQ[6]; b) Kinetic plots of IBX oxidation of 3-hydroxybenzyl alcohol 
to afford 3-hydroxybenzaldehyde in the presence of HemiQ[6]. 
 
    As in the above cases, the phenolic hydroxyl group on 4-hydroxybenzyl alcohol 
could be protected against IBX oxidation by the addition of 50 mol% HemiQ[6], and 
4-hydroxybenzaldehyde was found as the only product. The 1H NMR spectrum 
(Figure 3-3a) suggested that the IBX oxidation of this substrate was also more 
effective than that of 2-hydroxybenzyl alcohol. A conversion of 58.6% was achieved 
after 2.0 hours, and a further 7.4% conversion was achieved after 3.0 hours. The 
degree of conversion of 4-hydroxybenzyl alcohol at different time could be 
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non-linearly fitted to give a kinetic constant of k = 1.1 h-1 with formula 3-1 (Figure 
3-2b), which was surprisingly just half of the constant in 2-hydroxylbenzyl alcohol 
system, so the oxidation of 4-hydroxybenzyl alcohol was the slowest of the studied 
cases. 
 
 
Figure 3-3 a) 1H NMR spectra of IBX oxidation of 4-hydroxybenzyl alcohol in the 
presence of HemiQ[6]; b) Kinetic plots of IBX oxidation of 4-hydroxybenzyl alcohol 
to afford 4-hydroxybenzaldehyde in the presence of HemiQ[6] 
 
    The oxidizing activities of the hydroxybenzyl alcohols by IBX in the presence of 
HemiQ[6] could be comprehended fully from the viewpoints of both thermodynamics 
and kinetics. 2-Hydroxybenzyl alcohol was the most inert among the bifunctional 
substrates, with only a 30.5% conversion of 2-hydroxybenzylaldehyde being observed, 
while the oxidation of 3,4-hydroxybenzyl alcohols provided more products, whose 
distributions were 56.8% and 66.0%, respectively. It was obvious that the conversion 
of hydroxybenzyl alcohol depended on the substituent site of the phenolic group on 
the benzene ring, that is, when the distance between the phenolic hydroxyl group and 
the alcoholic hydroxyl group was increased, a more effective oxidation at the benzyl 
alcohol was observed, so the stereo-hindrance effect of HemiQ[6] helped to resist the 
IBX oxidation of 2-hydroxybenzyl alcohol. However, the oxidation reaction of 
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4-hydroxybenzyl alcohol had the smallest rate constant of k = 1.1 h-1, and the rate 
constant of the IBX oxidation of 3-hydroxybenzyl alcohol was the largest (k = 4.1 h-1). 
According to the results obtained in the previous work [19,20], on the electronic 
effects of substituents on the activity of the IBX oxidation of benzyl alcohols, the 
meta-substituent with an electron withdrawing group always favored the oxidation 
due to its strong inductive effect. 
 
2.2 Host-guest interactions between hemicucurbit[6]uril and hydroxylbenzyl alcohols 
 
Figure 3-4 1H NMR spectra (CDCl3/DMSO-d6, 2:1, v/v) of a) 2-hydroxybenzyl 
alcohol; b) 2-hydroxybenzyl alcohol in the presence of HemiQ[6] in a ratio of 1 : 1; c) 
3-hydroxybenzyl alcohol; d) 3-hydroxybenzyl alcohol in the presence of HemiQ[6] in 
a ratio of 1 : 1; e) 4-hydroxybenzyl alcohol; f) 4-hydroxybenzyl alcohol in the 
presence of HemiQ[6] in a ratio of 1 : 1. 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
78 
 
To understand the role of HemiQ[6] in this chemo-selective oxidation, the 
foundations of the host–guest interactions between HemiQ[6] and the hydroxybenzyl 
alcohols were investigated. 1H NMR spectroscopy is a common method used to 
confirm the host–guest interaction models by observation of the changes in the 
chemical shifts of the guest after addition of the host [3]. In this case, the proton 
resonances of all of the hydroxybenzyl alcohols did not show any shift in the presence 
of HemiQ[6] (Figure 3-4), however, all of resonances of the active protons, which 
appeared at about δ 9.0 ppm, were fading away with the addition of the host and 
broadened peaks appear from δ 3.6 – δ 4.2 ppm, which revealed the host–guest 
interaction between hydroxybenzyl alcohols and HemiQ[6] with hydrogen bonds.  
 
 
Figure 3-5 IR spectra of HemiQ[6], a) 2-hydroxybenzyl alcohol; b) 3-hydroxybenzyl 
alcohol; c) 4-hydroxybenzyl alcohol, and the corresponding inclusion complexes. 
 
The formation of supramolecular complexes was also confirmed by the different 
IR absorptions of the carbonyl groups on binding HemiQ[6] from the those of the free 
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host (Figure 3-5). Both the bands at 1714 and 1678 cm–1 were attributed to the 
carbonyl stretching vibration in free HemiQ[6], and the IR band at 1710 cm–1 in the 
spectrum of inclusion complex confirmed the host-guest interactions, which were 
attributed to nC=O of bound HemiQ[6]. 
 
 
Figure 3-6 UV-vis titration of the hoest-guest interactions between HemiQ[6] and a) 
2-hydroxybenzyl alcohol; c) 3-hydroxybenzyl alcohol; e) 4-hydroxybenzyl alcohol. 
The corresponding absorbance versus different ratios of HemiQ[6] to b) 
2-hydroxybenzyl alcohol; d) 3-hydroxybenzyl alcohol; f) 4-hydroxybenzyl alcohol. 
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UV-vis spectroscopic titrations were also employed to monitor the host–guest 
interactions. To avoid the solvent absorption of DMSO in this wavelength region, a 
mixed solvent of chloroform and methanol in the ratio of 1 : 1 was applied in the 
UV-vis titrations. The max electronic absorption of 2-hydroxybenzyl alcohol 
appeared at 275 nm, which increased with the increasing concentration of HemiQ[6] 
(Figure 3-6a), and the change in the UV-vis spectra and the variable concentration of 
the macrocyclic compound could be fitted to give a 1 : 1 interaction model (Figure 
3-6b). For 3-hydroxybenzyl alcohol, the UV-vis absorbance at 275 nm was improved 
by the addition of HemiQ[6] (Figure 3-6c), and the increase in the concentration of 
HemiQ[6] fitted to a 1 : 1 binding model (Figure 3-6d). A similar change in the 
UV-vis spectrum was also observed in the host–guest interaction system of 
4-hydroxybenzyl alcohol and HemiQ[6] (Figure 3-6e), and the increase in the 
absorbance band at 277 nm versus the increase in the concentration of HemiQ[6] was 
fitted to a 1 : 1 binding model (Figure 3-6f). Accordingly, the interaction of 
2-hydroxylbenzyl alcohol with HemiQ[6] was weaker than the others, which revealed 
that a steric hindrance effect is present in the host–guest interaction. 
    For the host-guest interaction in a ratio of 1 : 1, the equilibrium of H (Host), G 
(Guest) and H×G (inclusion complex) is expressed by formula (3-2): 
 
H + G       H×G                (3-2) 
 
The corresponding association constant (Ka) could be obtained by non-linear least 
square fitting according to formula (3-3): 
 
0 0 0 0 0 0
2 2 21 1([H] ) ([H] [G] ) 4 [H] [G]
2
[G]e e eD + + ± D + + - D
D = a a
KA K       (3-3) 
 
where DA was the change in the absorbance of guest on gradual addition of TMeQ[6], 
whereas De referred to the difference of molar absorptivity between complexed and 
free G; the total concentration of host and guest was denoted by [H]0 and [G]0. 
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Accordingly, the association constants of the host-guest interactions between 
HemiQ[6] and o,m,p-hydroxybenzyl alcohols were (4.8 ± 1.5) ´ 103 L·mol-1, (7.4 ± 
2.2) ´ 104 L·mol-1 and (5.5 ± 1.6) ´ 104 L·mol-1, respectively (Figure 3-7). 
 
 
Figure 3-7 Non-linear fitting of UV-vis titrations of a) 2-hydroxybenzyl alcohol; b) 
3-hydroxybenzyl alcohol; c) 4-hydroxybenzyl alcohol with HemiQ[6]. 
 
Quantum chemistry has developed as an important subject in electronic structure 
calculations, and density functional theory with dispersion correction (DFT–D) 
method is now thought to be the most widely applied and is a very well-tested 
approach for predicting the energy-minimized structure and describing the 
non-covalent interactions in supramolecular chemistry due to its high accuracy in 
many different situations [21]. To evaluate the energy-optimized geometries of the 
above supramolecular structures, quantum chemistry was performed with the DFT–D 
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method. On can see from the calculation results (Figure 3-8) that the exclusion 
complexes between hydroxybenzyl alcohols and HemiQ[6] formed with the negative 
formation energies (DE) of -44.4, -59.6, and -58.6 KJ · mol−1 for 2,3,4-substitution, 
respectively. The host-guest interactions were stabilized by the formation of hydrogen 
bindings between the phenolic hydroxybenzyl groups and carbonyl groups on the 
macocycle, whose distances were found as 1.781, 1.738, and 1.744 Å with the 
corresponding angles (ÐO–H∙∙∙O) of 156.7°, 162.7°, and 161.7°. Comparatively, the 
stabilization of the calculated structures were consistent with the activities of IBX 
oxidation of hydroxybenzyl alcohols in the presence of HemiQ[6]. 
 
 
Figure 3-8 Quantum chemistry calculations of the host–guest interactions between 
hydroxybenzyl alcohols and HemiQ[6]. Color codes: carbon, gray; nitrogen, blue; 
oxygen, red; hydrogen, white. 
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3. Conclusions 
In summary, we have developed a chemo-selective oxidation reaction for 
bifunctional substrates, hydroxybenzyl alcohols, with the participation of 
hemicucurbit[6]uril. The IBX oxidations of hydroxybenzyl alcohols provided a 
mixture of products, both aldehydes and quinones, due to two hydroxyl groups being 
present on the benzene ring. However, 50 mol% HemiQ[6] was able to protect the 
phenolic hydroxyl groups against oxidation by IBX, and produced the corresponding 
aldehydes as the only product. The oxidations with supramolecular protection were 
affected by both the steric effects and electronic effects of the substrates. The 
conversion of 2-hydroxyl alcohol was the lowest, as the two hydroxyl groups were 
very close to each other. The inductive effect of the phenolic hydroxyl group on 
3-hydroxybenzyl alcohol made the reaction faster than the others. The investigation of 
the host–guest interactions of HemiQ[6] with hydroxybenzyl alcohols with 1H NMR 
spectroscopy, IR absorption analysis and UV-vis titration suggested that the hydrogen 
bonds were formed between HemiQ[6] and the benzyl alcohol guests in a ratio of 1 : 1, 
through the binding of active hydrogen by the macrocyclic compound. Calculation 
chemistry was used to investigate the host-guest interactions, and the results indicated 
the exclusion complexes of HemiQ[6] with 2,3,4-hydroxylbenzyl alcohols formed in 
the ratio of 1 : 1, respectively. The calculated stabilities were consistent with the 
association constants fitted by UV-vis titrations. 
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4. Experimental 
4.1 Materials and apparatus 
    HemiQ[6] sample was prepared and purified according to a method in the 
literature [4] and were characterized by 1H NMR. HemiQ[6] (CDCl3, δ): 3.40 (s, 24H), 
4.67 (s, 12H). IBX was prepared with 2-iodobenzoic acid and oxone [22]. 1H NMR 
(DMSO-d6, δ): 7.20 (t, 1H), 7.44 (t, 1H), 7.66 (d, 1H), 7.94 (d, 1H). Mp: 230–233 °C 
with explosive decomposition. Hydroxybenzyl alcohols and hydroxybenzyl aldehydes 
were obtained commercially (Tokyo Kasei Kogyo Co., Ltd.) and used without further 
purification. 
1H NMR spectra were recorded at 25 °C on a JEOL JNM-Al00 spectrometer in a 
mixture of CDCl3 and DMSO-d6. UV-vis absorption spectra were recorded on an 
Perkin-Elmer Lambda 19 UV/Vis/NIR instrument at 25 °C. 
 
4.2 IBX oxidation of hydroxybenzyl alcohols in the absence of HemiQ[6] 
    In the absence of HemiQ[6], hydroxybenzyl alcohols (0.01 mmol) and IBX (0.01 
mmol) were added to a mixture (0.6 mL) of CDCl3 and DMSO-d6 (2:1, v/v) in a 
sealed bottle. The reactions have been carried out at 30 °C for 1 hour, and then the 
solutions have been detected with 1H NMR directly. 
    In the presence of HemiQ[6], hydroxybenzyl alcohols (0.01 mmol), HemiQ[6] 
(0.005 mmol) and IBX (0.01 mmol) were added to a mixture (0.6 mL) of CDCl3 and 
DMSO-d6 (2:1, v/v) in a sealed bottle. The solution was stirred at 30 °C, and 
monitored by 1H NMR over time. 
 
4.3 host-guest interactions 
    In the UV-vis titration, hydroxybenzyl alcohol solutions were prepared in the 
mixture of CHCl3 and CH3OH (1:1) with a concentration of 2.5 ´ 10-4 mol·L-1, this 
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solution was combined with HemiQ[6] to the guest/HemiQ[6] ratio of 0, 4:1, 2:1, 1:1, 
and 1:2 and so on. 
    IR spectra were recorded on a JASCO FT-IR 4200A spectrophotometer using 
KBr pellets. Each inclusion complex was prepared by stirring the mixture solution of 
HemiQ[6] with corresponding guest in CHCl3 in a ratio of 1:1at 60°C, and then the 
solvent was removed in vacuum to get the solid inclusion complexes. 
    All calculations were processed with Gaussian 09 software package [23]. The 
structures were optimized at the wb97xd/6-311g(d,p) level, and single point energies 
of the optimized geometries and BSSE-corrected (Basis Set Superposition Error 
corrected) binding energies of the supramolecules were performed at 
wb97xd/6-311g++(d,p) level. 
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Chapter 4 
 
 
 
 
 
 
 
Esterification with Supramolecular Catalysis of 
Hemicucurbit[6]uril 
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1. Introduction 
    The unique property that hemicucurbiturils (Scheme 1, HemiQ[n], n = 6 or 12) 
[1] can be dissolved in CHCl3 and methanol and binding active proton as mentioned 
in above case inspired us to develop more supramolecular catalysis of HemiQs. There 
were a few examples that carbon cation was activated or stabilized by ion-dipole 
interaction between the carbonyl groups on Q[n] and cabon cation of guests [2-6]. 
Accordingly, we investigated esterification of organic acids with methanol in the 
presence of HemiQ[6], which experiences a mechanism including carbon cation 
intermediate. 
 
 
Scheme 4-1 Structures of the acids and hemicucurbit[n]uril, n = 6 or 12. 
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Esterification is a classic and fundamental reaction in organic chemistry and 
biological systems and is catalyzed by acids [7], metal coordination complexes [8] or 
lipases [9]. Esterification is particularly relevant to biodiesel synthesis in efforts to 
overcome the scarcity of traditional fossil energy resources and to mitigate 
greenhouse gas emissions [10]. The reaction is also used in the synthesis of various 
intermediates and final products for different purposes [11,12]. To gain an 
understanding of hemicucurbituril-induced esterification, sorts of acids were used as 
substrates including aryl acids, allyl acids and alkyl acids (Scheme 4-1). 
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2. Results and discussion 
2.1 Esterification of 4-methoxy-4-oxobut-2-enoic acid (MA) in the presence of 
hemicucurbit[6]uril. 
 
Figure 4-1 1H NMR spectra of the esterification of MA in the presence of HemiQ[6]. 
Spectra of (a) HemiQ[6], (b) MA, (c) a mixture of MA and HemiQ[6] in a ratio of 1 : 
1 in CDCl3/CD3OD (1 : 1) and (d) after the mixture was heated at 60 °C. The 
conversion was confirmed by comparing the integrated proton resonances for the 
olefin in MA (d 6.29, 6.30 ppm) with those for the product, dimethyl maleate (d 6.31 
ppm). 
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  MA was the direct product of the alcoholysis reaction of maleic anhydride in 
methanol, but second-order alcoholysis cannot occur spontaneously and required the 
attendance of a catalyst such as another organic acid. In the 1H NMR spectrum of MA 
(Figure 4-1b), the resonances at d 6.29 and 6.30 ppm could be attributed to protons on 
the olefin of MA substrate, which were close to each other as two singlets, and the 
proton resonance of the –OCH3 group appeared at d 3.79 ppm. In general, there are 
obvious differences in chemical shift patterns between Qs-bound and free guests due 
to the shielding effect of the macrocyclic cavity and the deshielding effect of the 
carbonyl groups on the portals. However, compared to spectra of the free guest 
(Figure 4-1b) and the macrocyclic compound (Figure 4-1a), we observed no change in 
chemical shift in 1H NMR spectra of a mixture of MA and HemiQ[6] (Figure 4-1c). 
Figure 4-1d exhibited broadening of the resonance signals for HemiQ[6] after the 
mixture was heated, which could be the result from the flexible structure of the host 
was frozen and included various confirmations of the 2-imidzolidinone units and 
methylene bridges. MA esterification occurred spontaneously, with conversion of 
34.7%, and complete conversion was achieved by heating for ~10 h. The macrocyclic 
compound unit was also applied for the screening of the catalysis, but MA cannot be 
esterified in the presence of 2-Imidazolidinone in a ratio of 1:6. It could be speculated 
from the result that the cavity of HemiQ[6] is the catalytic residence of the 
esterification. 
    The host-guest interaction was also confirmed by the prominent change of IR 
absorption of the carbonyl groups on binding HemiQ[6] (Figure 4-2). Both the bands 
at 1714 and 1678 cm–1 were attributed to the carbonyl stretching vibration in free 
HemiQ[6], while the absorption of carbonyl group on free MA guest appeared at 1726 
cm–1. Comparing the above absorption, the IR band at 1710 cm–1 in the spectrum of 
inclusion complex confirmed the host-guest interaction, which was attributed to nC=O 
of bound HemiQ[6]. 
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Figure 4-2 IR spectra of HemiQ[6], MA guest and the corresponding inclusion 
complex. 
 
     
 
 
Figure 4-3 Kinetic plots of MA esterification as catalyzed by different ratios of 
HemiQ[6] 
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    Kinetic plots of the catalytic esterification of MA in the presence of different 
amounts of HemiQ[6] were shown in Figure 4-3. As expected, the esterification rate 
increased with the amount of HemiQ[6]. The kinetics of HemiQ[6]-catalyzed 
esterification can be described by a pseudo-first-order formula [26] : 
 
Ct = C0 × [ 1 - exp(-kn × t)],     (4-1) 
 
where C0 was the initial concentration of MA substrate and Ct was the concentration 
of MA substrate at time t, k was the corresponding reaction rate constant, and the 
subscript n represented the ratio of MA to HemiQ[6]. 
The calculated kinetic constants suggested that supramolecular catalysis greatly 
depended on the ratio of MA to HemiQ[6]. Addition of 0.005 mmol of catalyst 
induced the esterification with a reaction rate constant of 0.18 h–1 (k0.5). Addition of 
double this amount to yield a HemiQ[6]/MA ratio of 1 : 1 afforded a constant of k1.0 = 
0.36 h–1, which was double the value for k0.5. A further increase in the amount of 
HemiQ[6] in the reaction system improved the percentage conversion of the substrate 
and a kinetic constant of k2.0 = 0.52 h–1 was obtained, with a curve fitting observed for 
HemiQ[6]-catalyzed esterification kinetics (Figure 4-3). 
 
2.2 Esterification of acrylic acid (AA) in the presence of hemicucurbit[6]uril. 
    For the smaller substrate acrylic acid (AA), the HemiQ[6]-catalytic esterification 
with CD3OD was also observed. There was no any change of the proton chemical 
shift of AA in the presence of HemiQ[6] in a 1 : 1 ratio to be observed , and only the 
broadening resonance peak of HemiQ[6] (Figure 4-4) represented the host-guest 
interaction as same as that in the case of MA. The conversion of AA at the different 
time could be non-linear fitted to give a kinetic constant of kAA = 1.22 h–1 with the 
formula 4-1 (Figure 4-4, insert), which was almost 4 folds of the k1.0 in the MA 
system, so the HemiQ[6]-mediated esterification of AA was obviously faster than that 
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of MA substrate. 
 
 
 
Figure 4-4 1H NMR spectra of the esterification of AA in the presence of HemiQ[6]. 
Spectra of (a) AA, (b) AA and HemiQ[6] in a ratio of 1 : 1 in CDCl3/CD3OD (1 : 1) 
and (c) after the mixture was heated at 60 °C. The conversion was confirmed by 
comparing the integrated proton resonances for the acryclic group in AA (d 6.43 ppm) 
with those for the product, methyl benzoate (d 6.41 ppm). Insert: Kinetic plots of AA 
esterification in the presence of HemiQ[6] in the ratio of 1:1. 
 
2.3 Esterification of benzoic acid (BA) in the presence of hemicucurbit[6]uril. 
 
    BA was also used to investigate the catalytic activity of HemiQ[6] in the 
esterification system. 1H NMR spectra for BA (Figure 4-5a) and a mixture of BA and 
HemiQ[6] (Figure 4-5b) revealed no obvious changes in resonance signal for protons 
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on the aryl ring. However, heating of the BA and HemiQ[6] solution induced 
broadening of the resonance peaks (Figure 4-5c), reflecting interaction between BA 
and HemiQ[6]. 1H NMR monitoring of conversion indicated that supramolecular 
catalysis was still effective for BA esterification at a HemiQ[6]/BA ratio of 1:1, but 
the reaction was much slower than for HemiQ[6]-catalyzed MA esterification. The 
conversion of only 45.2% after 5 h was less than two-thirds of that in the MA system. 
Over the next 5 h, conversion improved by ~13%, but the further 4% improvement in 
conversion at 15 h indicated that esterification was close to the point of chemical 
equilibrium. The above kinetic plots have been collected in the insert of Figure 4-5 to 
be curve fitted with the kinetic constant kBA = 0.19 h–1, which was almost half of that 
in the esterification of MA and the one tenth of kAA. 
 
 
Figure 4-5 1H NMR spectra of the esterification of BA in the presence of HemiQ[6]. 
Spectra of (a) BA, (b) BA and HemiQ[6] in a ratio of 1 : 1 in CDCl3/CD3OD (1 : 1) 
and (c) after the mixture was heated at 60 °C. The conversion was confirmed by 
comparing the integrated proton resonances for the benzyl group in BA (d 7.45 ppm) 
with those for the product, methyl benzoate (d 7.38 ppm). Insert: Kinetic plots of BA 
esterification in the presence of HemiQ[6] in the ratio of 1 : 1 
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    These results demonstrated that effective esterification largely depended on the 
substrate structure. The aryl ring of BA was larger than the substituent of MA and AA, 
and therefore it made against the catalytic esterification by this macrocyclic 
compound. However, the esterification of the smallest substrate AA could be 
performed more easily than the others in the presence of HemiQ[6]. 
 
2.4 Esterification of other acids in the presence of hemicucurbit[6]uril. 
 
    Further studies for the purpose of the universality and selectivity of this 
supramolecular catalysis was carried out in the presence of equivalent HemiQ[6] in 
the mixture of CHCl3 and CH3OH. As shown in Table 4-1, the results suggested that 
the catalytic activities should prefer the conjugated structure. Two alkyl acids, PA and 
ACA, were subjected to the same catalytic esterification, but no reaction occurred. 
These negative results confirmed that catalysis depended on the substrate structure, 
and was favored for aryl and allyl substrates. However, there are some different 
catalytic activities of HemiQ[6] on the esterification of substituted benzoic acid, 
which tended to prove that the electronic effect and steric effect of the substrates 
seemed to exist for these aryl acid systems. Almost all of the aryl acids (Entries 1, 2, 
and 4~6, Table 4-1) can be converted to the corresponding esters with very satisfying 
conversion in the presence of HemiQ[6], but only 13.1% conversion in the case of SA 
(Entry 3, Table 4-1) was found. The result indicated that the inductive effect of o-OH 
group should be disadvantage of the esterification, because it was not able to stabilize 
the carbon cation intermediate in the course of the formation of ester. On the other 
hand, the conversions of both o-ABA (o-aminobenzoic acid, Entry 1, Table 4-1) and 
SA (salicylic acid, Entry 3, Table 4-1) were less than that of the p-substituted 
substrates, p-ABA (p-aminobenzoic acid, Entry 2, Table 4-1) and p-HBA 
(p-hydroxybenzoic acid, Entry 4, Table 4-1), which denoted the existence of the steric 
effect in this supramolecular catalysis. 
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Table 4-1 HemiQ[6]-catalytic esterification of acids with methanol 
Entries Substrates Time (hours) Conversiona (%) 
1 
 
12 84.0 
2 
 
12 90.7 
3 
 
24 13.1 
4 
 
24 58.8 
5 
 
12 86.9 
6 
 
18 70.8 
7 
 
24 - 
8 
 
24 - 
aThe conversion of entries 1~6 was measured by HPLC, and the esterification of 
entries 7~8 were traced by 1H NMR. 
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2.4 Effect of macrocycle species, amount of methanol on the esterification of acids. 
For a random selection, four substrates, MA, BA, ACA and PA, were subjected 
to esterification with a stoichiometric amount of MeOH in the presence of HemiQ[6] 
in CDCl3, but no ester product was synthesized in more than 24 h. These results 
indicate that the catalytic activity of HemiQ[6] greatly depends on the substrate 
concentration and suggest that the mechanism for esterification is a solvolytic reaction 
between the acids and the CH3OH solvent. 
 
 
Figure 4-6 1H NMR (CDCl3/CD3OD 1:1) spectra of (a) a mixture of MA and 
HemiQ[12] and (b) after the mixture was heated for 12 h. 
 
To understand the dependence of supramolecular catalysis on the structure of the 
macrocyclic catalyst, HemiQ[12] was used as an alternative to catalyze acid 
esterification in CDCl3/CD3OD (1:1) solution. Only resonance broadening was 
observed for HemiQ[12] singlets in 1H NMR spectra of a heated mixture of BA and 
HemiQ[12] (Figure 4-6), which suggested just formation of host-guest interaction 
complex, and supramolecular catalysis was ineffective for esterification of the four 
acids. Thus, a more flexible structure and a larger cavity, as in HemiQ[12], are 
negative factors in this catalytic esterification. 
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2.5 Proposed mechanism of the esterification of acids in the presence of 
hemicucurbit[6]uril. 
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Scheme 4-2 Proposed mechanism of HemiQ[6]-induced esterification. 
 
According to the above experimental evidence, a possible mechanism of the 
HemiQ[6]-catalytic esterification was proposed in Scheme 4-2. Firstly, the host-guest 
interaction occurred with the protonation of HemiQ[6] by the acid guest, and then the 
carbon cation of carboxyl group on substrate was activated followed by the 
nucleophilic attack of methanol. The transfer of long pair electrons afforded the ester 
product. Finally, the dehydrolysis on the macrocyclic compound completed the 
catalytic cycle. 
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3. Conclusion 
    A method for effective supramolecular hemicucurbit[6]uril catalysis of 
esterification of carboxylic compounds was developed hereby. HemiQ[6]-induced 
esterification depended on the amount of macrocyclic compound, that is, application 
of a greater amount of catalyst was favor to increase the reaction rate. The electronic 
and steric structures of the substrates affected the supramolecular catalysis; only the 
conjugated acids could be catalyzed using this method. In the screening of the 
macrocyclic compound, HemiQ[12] was ineffective in catalyzing the esterification, so 
the structure of the catalyst should be a crucial factor. The reaction results for the 
cases of four organic acids selected randomly with a stoichiometric amount of MeOH 
suggested that the esterification could be alcoholysis of acid substrate in CH3OH 
solvent. A possible mechanism was proposed for supramolecular catalytic 
esterification in the presence of hemicucurbit[6]uril. 
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4. Experimental 
4.1 Materials and apparatus 
    HemiQ[n] (n = 6 or 12) samples were prepared and purified according to a 
method in the literature [12] and were characterized by 1H NMR. HemiQ[6] (CDCl3, 
δ): 3.40 (s, 24H), 4.67 (s, 12H);  HemiQ[12] (CDCl3, δ): 3.36 (s, 24H), 4.67 (s, 12H). 
The acids were obtained commercially (Tokyo Kasei Kogyo Co., Ltd.) and used 
without further purification.  
1H NMR spectra were recorded at 25 °C on a JEOL JNM-Al00 spectrometer in a 
mixture of CDCl3 and CD3OD. High Performance Liquid Chromatography (HPLC) 
was performed using a JASCO with a UV detector. The acids and corresponding 
esters were successfully separated by a Wakosil 5SIL chromatographic column (250 
mm ´ 4.6 mm). 
 
4.2 Catalytic esterification experiments 
    In the cases of MA, AA, BA, PA (propanoic acid) and ACA 
(1-adamantanecarboxylic acid), acids (0.01 mmol) were added to a mixture of CDCl3 
and CD3OD (1:1, 0.6 ml) and the solution was transferred into an NMR tube. 
HemiQ[n] (n = 6 or 12) was added to the acid solution at a corresponding ratio. The 
NMR tube was directly heated to 60 °C and monitored by 1H NMR over time. 
Reactant conversion was directly confirmed by 1H NMR spectral data. For the other 
substrates, acids (0.01 mmol) were added to a mixture of CHCl3 and CH3OH (1:1, 1.0 
ml) and HemiQ[6] was added to the solution in a ratio of 1:1. The solution was heated 
to 60 °C, and then it was diluted with ethyl acetate to an appropriate concentration for 
the measure by HPLC. 
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4.3 IR annlysis of host-guest interactions 
    IR spectra were recorded on a JASCO FT-IR 4200A spectrophotometer using 
KBr pellets. Each inclusion complex was prepared by stirring the mixture solution of 
HemiQ[6] with corresponding guest in CHCl3 in a ratio of 1 : 1at 60°C, and then the 
solvent was removed in vacuum to get the solid inclusion complex. 
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Chapter 5 
 
 
 
 
 
 
 
Aerobic Oxidation of Furans and Thiophene in the 
Presence of Hemicucurbit[6]uril 
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1. Introduction 
Hemicucurbit[n, n = 6, 12]uril were able to dissolve into both aqueous solvent 
and organic solvent [1]. The supramolecular catalysis of HemQ[6] in the mixture of 
either methanol and chloroform or DMSO and chloroform was discovered as 
mentioned in above cases, which encouraged us to develop novel supramolecular 
catalysis in aqueous media, with these kinds of macrocyclic compounds. We revealed 
the catalytic activities of HemiQ[6] for the aerobic oxidation of heterocyclic 
compounds here, such as furans and thiophene (Scheme 5-1). 
 
Scheme 5-1 Structures of the substrates and HemiQ[n, n = 6 or 12]. 
 
Oxidation is a vital chemical process in organic synthesis. It produces 
oxygen-containing compounds such as alcohols, aldehydes, ketones, carboxylic acids 
and epoxides from hydrocarbons [2]. For user- and eco-friendly purposes, O2 (or Air) 
and H2O2 usually serve as the oxygen source. However, the direct application of O2 is 
always hindered by a high energy barrier, due to the transition from the triplet state of 
the oxygen molecule to the singlet state [3]. To overcome this problem, lots of 
coordination compounds have been developed to capture and activate O2. Cu2+, Mn2+, 
Pd2+ and Au+ are often used as the central metal cations in coordination compound 
catalysts [4–7]. An alternative pathway, in which HemiQ[6] was used to allow the 
aerobic oxidation to be carried out under mild conditions via a supramolecular 
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strategy was developed hereby (Scheme 5-1). The oxidation of furan usually cannot 
provide the hydroxyfuran product, which was an extremely unstable tautomers of the 
corresponding oxo derivative [8,9], the enol product, furan-2,5-diol, was able to be 
stabilized in the presence of HemiQ[6]. 
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2. Results and discussion 
2.1 Aerobic oxidation of furan in the presence of hemicucurbit[6]uril 
 
Figure 5-1  1H NMR spectra of a) furan; b) HemiQ[6]; c) a D2O solution of furan 
after heating for 8 hours in the presence of HemiQ[6]. 
 
The oxidation of furan in D2O was found to take place with addition of HemiQ[6] 
from the 1H NMR trace, while no reaction happened in the absence of the macrocyclic 
compound. As shown in Figure 5-1, the two resonance signals from furan, at d 6.5 and 
d 7.6 ppm (Figure 5-1a), became weaker as its deuterated aqueous solution mixed 
with HemiQ[6] was heated for 8 hours, and a new singlet appeared at d 6.3 ppm 
(Figure 5-1c). Comparing with Figure 5-1b, the proton resonance of Hb on HemiQ[6] 
did not show any shift, but the proton resonance of Ha became slightly split, which 
indicated the encapsulation of the product by the HemiQ[6].  
The IR absorption of the hydroxyl group shown a slight blue shift, from 3436 to 
3446 cm-1, and the carbonyl groups on the binding HemiQ[6] show obvious 
differences in their IR absorption compared with the free host (Figure 5-2). The 
proton resonance of -OH group appears at d 1.07 ppm with the results of 
hydrogen-deuterium exchange action (Figure 5-3).  
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Figure 5-2 IR spectra of free HemiQ[6] and the product of furan-2,5-diol 
@HemiQ[6]. 
 
 
Figure 5-3 1H NMR spectra of a) oxidation product of furan in H2O in the presence of 
HemiQ[6] followed by extraction with CDCl3; b) after addition of D2O. Furan (0.015 mmol) 
was added into 0.6 mL H2O with HemiQ[6] in a ratio of 1:1, followed by heating at 
65 °C for 10 h and then extraction with CDCl3. The resonance of an active proton at d 
1.07 ppm faded away with the addition of D2O. 
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2.2 Host-guest interaction of furan with of hemicucurbit[6]uril, and protonation of 
hemicucurbit[6]uril. 
The above evidences shown that furan was oxidized to furan-2,5-diol. The 
heated solution of furan and HemiQ[6] was acidified with DCl and neutralized by 
addition of solid Na2CO3 followed by extraction with CDCl3. This presence of the 
dione, dihydrofuran-2,5-dione was confirmed, with the carbonyl group identified by 
IR with the absorption at 1683 cm-1. On the other hand, that furan cannot be oxidized 
in deoxygenated aqueous solution (5% Na2SO3, and Ar atmosphere) even in the 
presence HemiQ[6] suggested the aerobic process. 
 
 
Figure 5-4 1H NMR titration of the host-guest interaction between furan and 
HemiQ[6] at pD = 6.3 (all of attribution refer to TMS) The D2O solution of 2.5 ´ 10-3 
M furan has been prepared, and the 1H NMR spectra were recorded with increasing 
amount of HemiQ[6]. 
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In cucurbituril chemistry, the host-guest interactions are always characterized by 
changes of chemical shifts of the encapsulated guest in 1H NMR, that is, the shielding 
effect leads to an upward shift of the resonance signals of guest when it is inserted 
into the core of the macrocyclic cavity, while the deshielding effect from the carbonyl 
groups on the portals makes the 1H NMR response of the guest remaining at the portal 
to shift down [10,11]. However, no chemical shift was observed here for furan in the 
presence of HemiQ[6], as reported previously [12], simply broadening of the furan 
peaks with addition of the macrocyclic compound, while the appearance of a 
complicated resonance of HemiQ[6] in the presence of furan guest in the ratio of 
above 1 : 1 (Figure 5-4).  
 
 
Figure 5-5 a) 1H NMR titration of the host-guest interaction between furan and 
HemiQ[6] at pD = 2.0 (all attributions with reference to TMS); b) changes of the 
chemical shift of proton H2 on furan ring in the presence of different ratio of 
HemiQ[6]. 
 
Fortunately, the improvement of acidity allowed the host-guest interaction model 
between furan and HemiQ[6] to be detected with 1H NMR analysis (Figure 5-5). In 
the presence of HemiQ[6] at pD 2.0, the resonance signals of all protons on the furan 
ring underwent a very slight downfield shift, which suggested that the guest remained 
in the deshielding area around the carbonyl groups on HemiQ[6] (Figure 5-5a). The 
trace plots of these chemical shift changed from d 6.28 to d 6.35 ppm when the ratio 
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of CHemiQ[6]/Cfuran is up to 4.2:1 indicated a 1 : 1 binding model with a weak 
association constant Ka = (5.2 ± 2.4) ´ 102 L·mol–1 (Figure 5-5b). Accordingly, the 
host-guest interaction between furan and HemiQ[6] was possibly improved by the 
participation of proton. 
 
 
Figure 5-6 1H NMR spectra of HemiQ[6] in a) D2O; b) DCl/D2O, pD = 2.0; c) CDCl3 
extracted from DCl/D2O at pH = 2.0. 
 
The proposal in Miyahara’s pioneering work [1], that HemiQ[6] bond to protons 
in the crystallographic structure, prompted us to investigate the protonation of this 
macrocyclic compound in solution. Comparing the 1H NMR spectrum of HemiQ[6] in 
neutral and acidic D2O (Figure 5-6a), the proton resonance appeared broadened in 
acidified solution (Figure 5-6b). To provide clear evidence that a proton can be 
captured by this host, HemiQ[6] was dissolved in acidic aqueous solution (pH = 2.0) 
followed by extraction with CDCl3. Subsequently, the spectrum of the organic layer 
exhibited the resonance signal of an active proton at d 1.23 ppm (Figure 5-6c). We 
proposed that the presence of the proton, with its positive charge, decreased the 
repulsion between the electron-rich furan ring and the carbonyl groups on the 
HemiQ[6] and therefore stabilizes the host-guest interaction complex. 
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2.3 Kinetics of aerobic oxidation of furan in the presence of hemicucurbit[6]uril. 
 
Scheme 5-2 Oxidation of furan in the presence of HemiQ[6]. 
 
 
Figure 5-7 a) 1H NMR traces showing the progress of the aerobic oxidation of furan 
in the presence of 1 equiv HemiQ[6] in neutral conditions  (pD = 6.3) (1: furan, 2: 
furan-2-ol, 3: intermediate, 4: furan-2,5-diol), and the distribution plots of b) furan, c) 
furan-2-ol, and d) furan-2,5-diol. 
 
    To understand the role of protons in this example of supramolecular catalysis, the 
kinetics of the aerobic oxidation with 1 equiv HemiQ[6] was investigated at different 
pH values (Scheme 5-2). The 1H NMR trace of the oxidation at pD = 6.3 shown that it 
was a typical consecutive reaction, with 3 steps (Figure 5-7a). Firstly, furan was 
oxidized to furan-2-ol, which was the main product, accounting for more than 30% in 
this first stage. Subsequently, further oxidation weakened the proton resonance at d 
7.39 ppm and both resonance signals, at d 6.32 and 6.25 ppm, shown a positive shift. 
We concluded that there was an intermediate based on the furan-2-ol structure but 
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without oxidation of the b-H. However, the secondary hydroxyl was not yet fully 
bound. Finally, the oxidation produced a singlet at d 6.20 ppm, which indicated that 
furan-2,5-diol was produced, with about 90% conversion. 
The above reaction sequence could be described by the following kinetic 
formulas: 
furan
1 furan
d
d
C k C
t
= - ×                                (5-1)    
furan-2-ol
1 furan 2 furan-2-ol
d
d
C k C k C
t
= × - ×                    (5-2)   
furan-2,5-diol
3 furan-2,5-diol
d
d
C
k C
t
= ×                         (5-3)   
where k1, k2, and k3 referred to the rate constants for the HemiQ[6]-induced aerobic 
oxidation reaction in the first, second, and third elementary reactions, respectively. 
These formulas could be integrated to give: 
1
furan( )
k t
tC e
-=                                    (5-4) 
1 21
furan-2-ol
2 1
( ) ( )k t k tt
kC e e
k k
- -= × -
-
                    (5-5) 
3
furan-2,5-diol( ) 1
k t
tC e
-= -                              (5-6) 
 
The distribution plots for furan, furan-2-ol and furan-2,5-diol at different times 
were able to be non-linearly fitted to formulas (5-4)~(5-6) (Figure 5-7b-d) to give the 
corresponding kinetic constants k1 = 2.9 ´ 10-2 min-1, k2 = 2.7 ´ 10-2 min-1, and k3 = 
5.7 ´ 10-3 min-1. Clearly, the secondary oxidation in the third step was more difficult 
than the previous steps (k3 is the smallest rate constant), so this should be the 
rate-determining step in the overall reaction.  
The oxidation of furan was slow down with the decreased amount of 
supramolecular catalyst, in the presence of 0.5 equiv. HemiQ[6], the rate constants 
were k1 = 5.5 ´ 10-3 min-1, k2 = 5.1 ´ 10-3 min-1, and k3 = 2.0 ´ 10-3 min-1 (Figure 5-8), 
respectively, while they are increased to k1 = 5.2 ´ 10-2 min-1, k2 = 6.4 ´ 10-2 min-1, 
and k3 = 1.3 ´ 10-2 min-1 with addition of 2.0 equiv. HemiQ[6] (Figure 5-9). 
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Figure 5-8 a) 1H NMR traces showing the progress of the aerobic oxidation of furan 
in the presence of 0.5 equiv HemiQ[6] in neutral conditions (pD = 6.3), and the 
distribution plots for b)furan, c) furan-2-ol, and d) furan-2,5-diol. 
 
 
Figure 5-9 a) 1H NMR traces showing the progress of the aerobic oxidation of furan 
in the presence of 2.0 equiv HemiQ[6] in neutral conditions (pD = 6.3), and the 
distribution plots for b)furan, c) furan-2-ol, and d) furan-2,5-diol. 
 
The oxidation of furan in the presence of HemiQ[6] at pD = 2.0 was also tracked 
using 1H NMR spectra (Figure 5-10a) and a similar process, involving three 
elementary steps, was found. However, the reaction rates for all stages were clearly 
faster than those in neutral condition, as found from fitting the kinetic plots using 
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formulas (5-4)~(5-6) (Figure 5-10b-d). The improvement of the kinetic constants (k1 = 
7.2 ´ 10-2 min-1, k2 = 5.2 ´ 10-2 min-1, and k3 = 1.4 ´ 10-2 min-1) demonstrated that the 
oxidation could be accelerated in acidic conditions, that is, the proton affected not 
only the host-guest interaction between HemiQ[6] and furan, but also the process of 
aerobic oxidation.  
 
 
Figure 5-10 a) 1H NMR traces showing the progress of the aerobic oxidation of furan 
in the presence of 1 equiv HemiQ[6] in acid conditions (pD = 2) 1: furan, 2: 
furan-2-ol, 3: intermediate, 4: furan-2,5-diol), and the distribution plots for b)furan, c) 
furan-2-ol, and d) furan-2,5-diol. 
 
2.4 Mechanism of aerobic oxidation of furan in the presence of hemicucurbit[6]uril. 
    Moreover, the crucial role of the proton was proved by independent experiments 
which shown that when the HemiQ[6]-catalytic oxidation of furan was carried out in 
different organic solvents and alkaline aqueous solution, the same product, 
furan-2,5-diol, was observed in methanol after heating for 15 h, but there was no 
reaction in either the aprotic solvent chloroform or an aqueous solution of Na2CO3 
(pD = 10). The other members of the cucurbituril family, HemiQ[12], Q[6] and Q[7], 
were also tested in this system, but no oxidation was observed, only the host-guest 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
117 
 
interaction between furan and Q[7], in which the up-shift of proton resonances of 
furan indicated guest was encapsulated within the cavity of Q[7] (Figure 5-11). It was 
concluded that this supramolecular catalysis was dependent on the structure of the 
macrocyclic compound. To confirm the functionalization of HemiQ[6]’s cavity, 
imidazolidin-2-one was also subjected to the oxidation of furan but no observation of 
any reactivity. 
 
 
Figure 5-11 1H NMR spectra of furan a) in the absence of Qs; b) in the presence of 
HemiQ[12] (the solubility of HemiQ[12] in water is very poor); c) in the presence of 
Q[6]; d) in the presence of Q[7]. The D2O solution of 2.5 ´ 10-3 M furan has been 
prepared, and the 1H NMR spectra were recorded with corresponding macrocyclic 
compounds in a ratio of 1 : 1, respectively. 
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Scheme 5-3 Possible pathway for the aerobic oxidation of furan in the presence of 
HemiQ[6]. 
 
From the experimental evidence for the host-guest interaction, as presented 
above, and the kinetic analysis of the aerobic oxidation of furan in the presence of 
HemiQ[6], a speculative mechanism was established (Scheme 5-3). the capture of a 
proton by HemiQ[6], which induced the formation of an inclusion complex between 
furan and HemiQ[6] with the protonation. Subsequently, an oxygen attacked to the 
a-carbon on furan, and the higher electronegativity of oxygen leaded to an electron 
transfer from furan, to provide the hydroxyl group and produce furan-2-ol in the 
presence of HemiQ[6]. The intermediate included closing of the second hydroxyl 
group and loosing of proton. Finally, the proton leaving from the a-carbon provided 
the corresponding product, inclusion complex of furan-2,5-diol with HemiQ[6]. 
Quantum chemical calculations were performed to evaluate the above hypothesis. 
The results of the calculations confirmed that there was no energy barrier in the 
proposed pathway for the proton-induced interaction of furan with HemiQ[6] (Figure 
5-12). The protonation of HemiQ[6] released a high binding energy of 707.4 KJ × 
mol-1, and in the energy-minimized structure of the inclusion complex, furan stayed at 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
119 
 
the portal of HemiQ[6], which explained the the 1H NMR titration results. A proton 
rich medium lead to the associations between the furan and HemiQ[6], with a short 
(O····H····O) distance of 1.72 Å and a bond angle ÐOHO = 153.0°. The negative 
energy changes declared that the presence of proton should be in favor of the 
host-guest interaction. 
 
 
Figure 5-12 Results of calculations for host-guest interaction of furan with HemiQ[6]. 
Color codes: carbon, gray; nitrogen, blue; oxygen, red; hydrogen, green. Mulliken 
charges were marked in blue and italic. 
 
    The role of the proton in this supramolecular catalysis was to induce the 
redistribution of electron density in the furan ring and analysis of the Mulliken 
charges shown that there was richer electron density on the binding furan with 
HemiQ[6] (Figure 5-12). Mulliken charge of the a-carbon on furan ring at the portal 
of HemiQ[6] decreased from 0.058 to 0.010, which improved the reaction activity, 
that is, the more negative was the active site, the more easily it was to combine with 
oxygen and so be oxidized. Comparing with the free guest, the Mulliken charge on the 
b-carbon of the encapsulated furan was more positive, so it should have less reducing 
power. Accordingly, with the proton-mediated host-guest interaction, the 
redistribution of electrons on the furan ring held with HemiQ[6] brought on a 
regio-selective oxidation at the a-carbon. 
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2.5 Aerobic oxidation of 2-methylfuran in the presence of hemicucurbit[6]uril. 
 
Scheme 5-4 Oxidation of 2-methyl-furan in the presence of HemiQ[6]. 
 
 
Figure 5-13 a) 1H NMR traces showing progress of the aerobic oxidation of 
2-methylfuran in the presence of 1 equiv HemiQ[6] in neutral conditions (pD = 6.3) 
(5: 2-methylfuran, 6: furan-2-methyl-5-ol); b) the distribution plot for 2-methylfuran. 
 
The substituted furan, 2-methylfuran, was also used in this HemiQ[6]-catalytic 
aerobic oxidation (Scheme 5-4). This was recorded with 1H NMR, as shown in Figure 
5-13a, whilst the proton resonances of the product 2-methylfuran-5-ol appear at d 5.92 
and d 6.18 ppm . The conversion of the 2-methylfuran substrate was non-linearly 
fitted to formula (5-4) and revealed that the kinetics follow first-order behavior, with 
k1 = 7.7 ´ 10-2 min-1 (Figure 5-13b). This was about 3 times greater than for the 
oxidation of furan. The improved rate can be considered as a result of the relationship 
between the structure of 2-methyl-furan and the electron distribution, namely, that 
there was higher electron density on the unsubstituted a-carbon of the substrate due to 
the presence of the electron donating methyl group. The oxidation of 2-methylfuran 
was too rapid in acid solution (pD = 2) to be traced and provide an exact kinetic 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
121 
 
constant, but it was confirmed that the oxidation was accelerated by the addition of 
the proton. The HemiQ[6]-catalytic aerobic oxidation producted of 2-methylfuran was 
treated with DCl and neutralized with Na2CO3 followed by extraction with CDCl3 
same as that of furan. This result strongly supports the aerobic oxidation of 
2-methylfuran does occured in the presence HemiQ[6] under the conditions used. 
2.6 Aerobic oxidation of thiophene in the presence of hemicucurbit[6]uril. 
The oxidation of another five-member heterocyclic compound, thiophene, in the 
presence of HemiQ[6] (Scheme 5-5), proceeded very slowly in neutral conditions 
(Figure 14a), and less than 5 % of the product thiophene-2,5-diol was found after 
heating for 720 minutes. For this reason, the complete oxidation in this case may take 
a couple of days which made it very difficult to describe the full kinetics. The initial 
rates of conversion of thiophene and the yield of thiophene-2,5-diol were employed to 
estimate the kinetic properties, and the kinetic data have been linearly fitted to give 
the corresponding k1 = 4.1 ´ 10-2 min-1 and k2 = 6.6 ´ 10-3 min-1 (Figure 7b,c). As in 
the case of the oxidation of furan, the secondary oxidation was slower than the initial 
step, and it was taken for granted that this was the rate-determining step in this 
procedure. On the other hand, the different activities between furan and thiophene 
could be considered to arise because the association of the sulfur on thiophene with 
the proton captured by HemiQ[6] was weaker than in the case of furan. 
 
 
Scheme 5-5 Oxidation of thiophene in the presence of HemiQ[6]. 
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Figure 14 a) 1H NMR traces showing progress of the aerobic oxidation of thiophene 
in the presence of 1 equiv HemiQ[6] in neutral conditions (pD = 6.3) (7: thiophene, 8: 
thiophene-2-ol, 9: thiophene-2,5-diol), and the distribution plots for b) thiophene, c) 
thiophene-2,5-diol. 
 
The acceleration of the HemiQ[6]-induced oxidation of thiophene with the 
addition of a proton was also observed. In acidic conditions (pD = 2.0), the 1H NMR 
trace indicated that the conversion was faster than that in neutral solution (Figure 15a); 
the kinetic data were fitted with initial rates of k1 = 8.9 ´ 10-2 min-1 and k2 = 2.1 ´ 10-2 
min-1 (Figure 15b,c). These were clearly improved by 2 or 3 times upon acidification. 
Interestingly, the last two plots of thiophene conversion departed from the line of fit 
(Figure 15b) due to the fact that the first oxidation of the substrate was resisted by the 
rate determining step, secondary oxidation, so it seemed that the oxidation preferred 
thiophene-2-ol as product over thiophene-2,5-diol. 
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Figure 5-15 a) 1H NMR traces showing progress of the aerobic oxidation of 
thiophene in the presence of 1 equiv HemiQ[6] in acid conditions (pD = 2.0) (7: 
thiophene, 8: thiophene-2-ol, 9: thiophene-2,5-diol), and the distribution plots for b) 
thiophene, c) thiophene-2,5-diol. 
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3. Conclusion 
    In summary, we developed a novel aerobic oxidation system catalyzed by 
HemiQ[6] in water. As a model substrate, furan encapsulated within HemiQ[6], was 
oxidized to form furan-2,5-diol regio-selectively. The supramolecular catalytic 
oxidation could be improved by acidification, due to the protonation of HemiQ[6]. 
According to analysis of the oxidation kinetics using a 1H NMR trace, a plausible 
mechanism was proposed, including the host-guest interaction between furan and the 
protonated HemiQ[6], the attack of oxygen molecule to a-carbon of binding furan, 
and the proton transfer to introduce the hydroxyl groups on to the furan ring. The 
HemiQ[6]-induced aerobic oxidation was also effective on the substrates of 
2-methylfuran and thiophene. 
The HemiQ[6]-catalytic oxidation of heterocyclic compounds in aqueous 
solution via a supramolecular strategy offered an alternative to aerobic oxidation with 
no participation by any metal cation. Furthermore, the unique ability of HemiQ[6] to 
capture protons could be applied to other acid-assisted chemical systems, giving the 
prospect of further revelations in cucurbituril chemistry. 
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4. Experimental 
4.1 Materials and apparatus 
    HemiQ[n] (n = 6 or 12) samples were prepared and purified according to the 
method reported elsewhere [1] and were characterized by 1H NMR, giving resonances 
for HemiQ[6] (CDCl3, δ) at 3.40 ppm (s, 24H) and 4.67 ppm (s, 12H) and for 
HemiQ[12] (CDCl3, δ) at 3.36 ppm (s, 24H) and 4.67 ppm (s, 12H). Q[n] were 
prepared and purified according to the methods reported in literature [13]. Furan, 
2-methylfuran and thiophene were obtained commercially (Tokyo Kasei Kogyo Co., 
Ltd.) and used without further purification. 
1H NMR spectra were recorded at 25 °C on a JEOL JNM-Al00 spectrometer 
(300 MHz) in D2O, with TMS is used as an internal reference. 
 
4.2 Catalytic Oxidation experiments 
    The heterocyclic compounds (0.015 mmol) were added to 0.6 mL D2O and then 
HemiQ[6] was added to the solution in a 1:1 ratio. The solution was heated to 65 °C 
and monitored by 1H NMR over time. The reactant conversion was directly confirmed 
by 1H NMR spectral data. 
 
4.3 Computational method 
All calculations were processed with Gaussian 09 software package [15]. The 
structures were optimized at the wb97xd/6-311g(d,p) level, and single point energies 
of the optimized geometries and BSSE-corrected (Basis Set Superposition Error 
corrected) binding energies of the supramolecules were performed at 
wb97xd/6-311g++(d,p) level. 
  
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
126 
 
References 
1. Miyahara, Y.; Goto, K.; Oka, M.; Inazu, T. Angew. Chem. Int. Ed. 2004, 43, 
5019–5022. 
2. Parmeggiani, C.; Cardona, F. Green Chem. 2012, 14, 547–564. 
3. Endo, Y.; Bäckvall, J. –E. Chem. Eur. J. 2011, 17, 12596–12601. 
4. Markό, I. E.; Gautier, A.; Dumeunier, R.; Doda, K.; Philippart, F.; Brown, S. M.; 
Urch, C. J. Angew. Chem. Int. Ed. 2004, 43, 1588–1591. 
5. Melikyan, G. G. Synthesis 1993, 833–850. 
6. Stahl, S. S. Science 2005, 309, 1824–1826. 
7. Guan,B.; Xing, D.; Cai, G.; Wan, X.; Yu, N.; Fang, Z.; Yang, L.; Shi, Z. J. Am. 
Chem. Soc. 2005, 127, 18004–18005. 
8. Spellmeyer, D. C.; Houk, K. N.; Rondan, N. G.; Miller, R. D.; Franz, L.; Fickes,  
G. N. J. Am. Chem. Soc. 1989, 111, 5356–5367. 
9. Fall, O. A.; Sène, M.; Tojo, E.; Gómez, G.; Fall, Y. Synthesis 2010, 20, 3415–3417. 
10. Masson, E.; Ling, X.; Joseph, R.; Kyeremeh–Mensah, L.; Lu, X. RSC Adv. 2012, 2, 
1213–1247. 
11. Cong, H.; Li, C. –R.; Xue, S. –F.; Tao, Z.; Zhu, Q. –J.; Wei, G. Org. Biomol. 
Chem. 2011, 9, 1041–1046. 
12. Cong, H.; Yamato, T.; Feng, X.; Tao, Z. J. Mol. Catal. A: Chem. 2012, 365, 
181–185. 
14. Zhang, G. -L.; Xu, Z. -Q.; Xue, S. -F.; Zhu, Q. -J.; Tao, Z. Chin. J. Inorg. Chem. 
2003, 19, 655-659. 
15. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; 
Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; 
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; 
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; 
Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd,  J. J.; Brothers, 
E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; 
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
127 
 
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. 
M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; 
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; 
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; 
Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. 
B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, Revision A.02, 2009, Gaussian, 
Inc., Wallingford CT. 
 
 
 
  
Applications of Cucurbiturils for Supramolecular Catalysis in Organic Chemistry 
128 
 
Summary 
    Cucurbit[n]uril (Q[n], n=5~8 or 10) is a family of cage-like host molecules 
oligomerized between glycoluril and formaldehyde, and the enclosed hydrophobic 
cavity, with two identical portal regions laced by carbonyl oxygen, is always able to 
bond non-covalently to organic and inorganic guests with weak ion-dipole, hydrogen 
binding, hydrophobic or hydrophilic properties. Depending on the host-guest 
chemistry, cucurbituril-induced supramolecular catalysis has made a significant 
contribution to organic synthesis including photodimerization, hydrolysis, and 
oxidation so on. 
    The cucurbit[8]uril-catalytic oxidation of alcohols by IBX (o-iodoxybenzoic acid) 
has been explored in pioneering work, but the mechanism was unclear. To get the 
foundation information of this supramolecular catalysis, veratryl alcohol was 
employed as a model substrate, which was the first case subjected to this catalytic 
oxidation, to investigate the host-guest interaction with Q[8]. The evidences of both 
fluorescence spectrometry and electrochemical analysis suggested a ternary complex 
formed between IBX, veratryl alcohol and Q[8] in a molar ratio of 1 : 1 : 1. Quantum 
chemistry was carried out according to above experimental results, and revealed the 
presence of Q[8] was in favor of the formation of the iodoester intermediate in the 
process of IBX oxidizing veratryl alcohol due to the encapsulation in the cavity of 
Q[8]. Two series of aromatic alcohol substrates, 2,3,4-methoxybenzyl alcohol and 
2,3,4-pyridinemethanol hydrochlorides, were subjected to this Q[8]-catalytic 
oxidation, and the results of kinetic and thermodynamic analysis revealed that the 
electronic property of the substituent affected significantly the supramolecular 
catalysis, that is, the conversion of aromatic alcohol was seriously dependent on 
substituent structure of substrate, which indicated that electron distribution on the 
a-carbon was mechanistically connected to the IBX oxidation procedure. In the 
absence of Q[8], the a-carbon could be stabilized by with conjugated electron-rich 
substituent and easily oxidized, while the presence of Q[8] improved the oxidation of 
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alcohols with negative inductive effect substituent. 
The applications of cucurbituril family have been limited in aqueous solution due 
to their insolubility in any organic solvent. The appearance of hemicucurbit[n, n = 6 
or 12]uril (HemiQ[n]) and their unique solubility in chloroform or alcohol afforded a 
new opportunity to develop the platform of  the supramolecular chemistry of 
cucurbiturils, sequently, a few applications of HemiQ[n] for supramolecular catalysis 
have been developed. 
2,3,4-Hydroxybenzyl alcohols are a kind of bifunctional substrates embracing 
synchronously phonic and alcoholic hydroxyl groups, both which could be carried out 
the IBX oxidation to provide a mixture of both aldehyde and quinone products. With 
the participation of 50 mol% hemicucurbit[6]uri, phenolic hydroxyl groups were alble 
to be protected against oxidation by IBX to realize the chemo-selective oxidation 
reaction, and the corresponding aldehydes were observed as the only product species. 
The kinetics in the presence of HemiQ[6] revealed that the oxidation depended on 
both the steric effects and electronic effects of the substrates, namely, the reactivity of 
2-hydroxyl alcohol was thermodynamically the lowest, as the two hydroxyl groups 
were very close to each other. The oxidation of 3-hydroxybenzyl alcohol was faster 
than the others as the result of inductive effect of its phenolic hydroxyl group. 1H 
NMR spectroscopy, IR absorption analysis and UV-vis titrations indicated the 
host–guest interactions of HemiQ[6] with hydroxybenzyl alcohols in a ratio of 1 : 1 
with the formation of hydrogen bonds between HemiQ[6] and the benzyl alcohol 
guests through the binding of active hydrogen by the macrocyclic compound. And the 
host-guest interactions were also evaluated by calculation chemistry, and the results 
afforded the exclusion complexes of HemiQ[6] with 2,3,4-hydroxylbenzyl alcohols in 
the ratio of 1 : 1, respectively. The calculated binding energies were sequentially 
consistent with the association constants fitted by UV-vis titrations. 
    The esterification of carboxylic compounds in the presence of 
hemicucurbit[6]uril via a supramolecular strategy was discovered. The kinetics of 
esterification with addition of 0.5, 1.0, and 2.0 equiv. HemiQ[6] revealed the 
reactivity was related to the amount of macrocyclic compound, that is, the reaction 
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rate could be improved by application of a greater amount of catalyst, and the 
supramolecular catalytic activity was also affected by the electronic and steric 
structures of the substrates; only the conjugated acids could be esterified with the 
catalysis of HemiQ[6]. Another member of hemicucurbiturils, HemiQ[12], was not to 
catalyze this esterification possibly the cavity was too large to stabilize the 
intermediate, so the structure of the catalyst played an important role in this catalysis. 
The failure of esterification of acid substrates with a stoichiometric amount of CH3OH 
suggested that the esterification could be alcoholysis. A possible mechanism was 
proposed involving HemiQ[6]-stabilized carbon cation, which could be attacked by 
CH3OH to form the ester product. 
    A novel aerobic oxidation system catalyzed by HemiQ[6] in water was explored. 
Furan was employed as a model substrate, which was encapsulated by HemiQ[6], to 
carried out an aerobic oxidation to produce furan-2,5-diol regio-selectively. Kinetics 
of the supramolecular catalytic oxidation suggested the activity of macrocycle could 
be improved in acidic solution as a result of the protonation of HemiQ[6]. A plausible 
mechanism was proposed, including the host-guest interaction between furan and the 
protonated HemiQ[6], the attack of oxygen molecule to a-carbon of binding furan, 
and the proton transfer to introduce the hydroxyl groups on to the furan ring. 
2-Methylfuran and thiophene were also subjected to the standard conditions and 
underwent the aerobic oxidation in the presence of HemiQ[6]. 
In summary, a few supramolecular catalysis systems of cucurbiturils were 
developed, and afforded new applications in cucurbituril chemistry. The investigations 
on host-guest interaction between IBX, Iveratryl alcohol and Q[8], as well as IBX 
oxidation of  aromatic alcohols in the presence of cucurbit[8]uril, provided 
fundamental evidences to establish the mechanism of Q[8]-improved oxidation. The 
application of hemicucurbit[6]uril for IBX oxidation of hydroxylbenzyl alcohols 
realized a chemo-selective reaction. HemiQ[6]-induced esterification offered an 
alternative manner to produce ester without participation by any acid. The protonation 
of HemiQ[6] can catalyze the aerobic oxidation of heterocyclic compounds.  
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